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ABSTRACT
Interleukin-7 (IL-7) is an essential lymphocyte growth factor required for the survival and
proliferation of mature T-cells. As a therapeutic agent, IL-7 has the potential to restore T-cell
numbers following immune depletion and to promote immunity against cancers. While the
survival function of IL-7 is well established, less is known about how it supports T-cell
expansion, a critical feature of the immune response. To study the biological effects of IL-7 on
T-cell growth, we developed an in vitro culture technique to expand T-cells ex vivo.

A

significant finding from our studies is that IL-7 did not induce the expansion of all T-cells,
indicating that there are inherent differences in the response of individual T-cell subsets to IL-7.
Culture with high doses of IL-7 (>150 ng/ml) preferentially expanded CD8 T-cells, but lead to
the dramatic loss of CD4 T-cells which favored growth in lower dosages of IL-7 (<10 ng/ml).
This effect was due to the regulation of LCK, a kinase predominantly associated with the CD4
co-receptor. We found that transgenic expression of the CD4 co-receptor onto CD8 T-cells
promoted their growth in lower concentrations of IL-7. Conversely, inhibition of LCK activity
in CD4 T-cells restored their responsiveness to high doses of IL-7 as indicated by the activation
of the transcription factor STAT5, in a manner similar to CD8 T-cells. Interestingly, not all CD8
T-cells expanded in high doses of IL-7 and this effect was specific to CD8 T-cells that expressed
an activated memory phenotype. We found that IL-7 promoted the proliferation of CD8 T-cells
through Cdc25A, a phosphatase required for cell cycle progression.

Expression of a

constitutively active Cdc25A could maintain T-cell survival and proliferation in the absence of
IL-7, demonstrating that Cdc25A is a crucial transducer of IL-7 growth signals. Inhibition of
Cdc25A was sufficient to decrease proliferation and down-regulate the expression of activation/
iii

memory markers on CD8 T-cells in the presence of IL-7. Upon further study, we identified a
novel role for IL-7 through Cdc25A in the regulation of CD62L, an adhesion molecule required
for lymph node entry. Culture with high doses of IL-7 down-regulated the expression of CD62L,
suggesting that high doses of IL-7 could affect the ability of T-cells to enter or re-enter the
lymph nodes.

Collectively, our findings demonstrate that IL-7 administration at the

supraphysiological doses currently used in the clinical trials could have a negative impact on the
growth of CD4 T-cells and the homing of CD8 T-cells to the lymph nodes, effects which can
impede the generation of an effective immune response.
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CHAPTER 1: INTRODUCTION
Cytokines are the signaling proteins of the immune system and have critical roles in
mediating immunity and inflammation.

They act by binding to specific receptors on the

membrane of target cells, providing signals for growth, survival, proliferation, activation, and
differentiation. Of therapeutic interest are the cytokines that signal through the common γ chain
(γc) which include interleukins 2, 7, 15, and 21 (IL-2, IL-7, 15 and 21), regulators of lymphocyte
homeostasis. Defects in γc signaling leads to severe combined immunodeficiency (SCID) in
humans, characterized by the loss of T-cells and natural killer cells1. However, only IL-7 has
been shown to be non-redundant and absolutely required for normal lymphocyte development
and growth2. Mice lacking IL-7, the IL-7 receptor unique α chain (IL-7Rα), or any components
of its signaling pathway have severe lymphocyte deficiencies and are immunocompromised2, 3.
In humans, loss of IL-7 signaling is the main cause of SCID4. In contrast, excess levels of IL-7
as induced by transgenic expression in mice or abnormal regulation in humans lead to the
development of lymphomas and malignancies5,

6, 7

. Based on such findings, IL-7 has been

recognized as a key regulator of T-cell growth and homeostasis, leading to immense clinical
interest in the biology of this cytokine.
IL-7 is not produced by lymphocytes but rather by stromal and epithelial cells present in
lymphoid as well as extralymphoid tissues8, 9. While circulating serum levels of IL-7 in healthy
individuals are low (0.3- 8.4 pg/ml)10, IL-7 production can be induced and its levels increased, in
response to inflammation11, 12. The receptor for IL-7, consisting of IL-7Rα and γc, is expressed
on most T-cells, but IL-7Rα can be down-regulated in response to antigenic stimuli and IL-7
itself. Binding of IL-7 induces the dimerization of its two receptor chains, leading to the
1

activation of the receptor associated tyrosine Janus kinases, JAK1 (IL-7Rα) and JAK3 (γc). The
activated JAK proteins in turn phosphorylate specific residues on IL-7Rα, creating docking sites
for STAT5 (signal transducers and activators of transcription 5).

The STAT5 proteins,

specifically STAT5a and STAT5b, become phosphorylated by JAKs, inducing their dimerization
and translocation to the nucleus where they modulate the expression of a number of genes
involved in cell survival and proliferation (reviewed in13).
The function of IL-7 in supporting T-cell survival has been well established and less is
known about how it promotes proliferation.

As a survival factor, IL-7 up-regulates the

expression of the anti-apoptotic protein BCL-2 and transgenic expression of BCL-2 partially
protects T-cells from death in the absence of IL-714. These cells however, are growth arrested,
demonstrating that they require additional replicative signals from IL-7. Culture with IL-7 in
vitro or transgenic expression of the cytokine in vivo leads to an increase in T-cell numbers,
while IL-7 withdrawal induces G1/S cell cycle arrest and ultimately cell death15-18. Intriguingly,
the proliferative activity of IL-7 can be uncoupled from its anti-apoptotic effects based on the
dosage of the cytokine. Lower doses of IL-7 sustain T-cell survival, while higher doses are
required to induce cell cycling19, 20. Although this dosage effect of IL-7 is well known, it has not
been extensively studied.
One mechanism by which high levels of IL-7 could induce proliferation is through the
regulation of key proteins involved in the G1/S cell cycle transition. We found that T-cells
cultured with high doses of IL-7, contained more nuclear Cdc25A, a critical cell cycle
phosphatase. Cdc25A is required to remove inhibitory phosphorylations on cyclin-dependent
kinase 2 (cdk 2), promoting progression through the G1/S phase of the cell cycle. Hence, higher
2

doses of IL-7 would serve as a strong proliferative signal. Furthermore we have shown that in
the absence of IL-7, Cdc25A is targeted for proteolytic degradation through a mechanism
involving the stress kinase p38 MAP kinase (MAPK)17. Loss of IL-7 signaling, therefore, would
create a pool of inactive cdk 2, essentially arresting T-cells in the G1/S phase of the cell cycle.
In addition to mediating T-cell growth, a recent study with rhesus macaques showed that
IL-7 could also affect the trafficking of T-cells. This study showed that following IL-7 injection,
the T-cells which proliferated in response to IL-7 migrated out of the blood and into various
tissues such as the intestines and skin21. In contrast, T-cells which were not cycling remained in
the blood, suggesting that there was a correlation between the induction of proliferation and Tcell trafficking. In our own studies, we have found that in vitro culture of T-cells with higher
doses of IL-7 down-regulated the expression of the lymph node homing molecule CD62L. This
effect would essentially alter the homing pattern of T-cells, promoting their trafficking away
from the lymph nodes and into extralymphoid organs. In addition, we demonstrated that this IL7 mediated down-regulation of CD62L was dependent on the activity of Cdc25A. Such findings
have significant physiological implications because inadvertent effects on T-cell homing and
localization as induced by IL-7 treatment could prevent the generation of an effective immune
response or at the other end of the spectrum, lead to the development of autoimmunity.
As more information is acquired about the biological activities of IL-7, the cytokine has
emerged as a promising therapeutic agent for the treatment of clinical conditions such as
immunodeficiencies and cancers. IL-7 is listed among the top five agents for cancer therapy by
the National Cancer Institute (NCI) and is currently in clinical trials. Although preclinical
animal models demonstrated that IL-7 supported the proliferation and persistence of tumor3

specific T-cells22, no anti-tumor effects have been observed in the clinical trials

23

. While

clinical administration of IL-7 did expand T-cells in a dose-dependent manner, demonstrating a
potential use for immune reconstitution, it should be noted that high supraphysiological doses of
IL-7 are being used24. In fact, this clinical dosing regiment can increase circulating levels of IL7 by 100-fold in humans and notably an initial depletion of T-cells in the blood have been
observed following IL-7 administration24. Currently, it is not known whether such a high dosage
of IL-7 is optimal for therapeutic use nor have the physiological impact of this dosage been
extensively evaluated.
The studies presented here are derived from four manuscripts and demonstrates that
exposure to high levels of IL-7 can produce an inflammation-like response by promoting the
activation, cell cycling, and trafficking of CD8 T-cells. In contrast, the growth of CD4 T-cells is
impaired at high concentrations of IL-7, indicating that there are intrinsic molecular differences
between CD4 and CD8 T-cells that mediate their responses to IL-7. The first manuscript is the
development of the IL-7 in vitro culture method, a technique which is utilized in subsequent
studies to expand T-cells ex vivo. We demonstrate here that high doses of IL-7 preferentially
expand CD8 T-cells with an activated/ memory phenotype such as occurs in response to antigen.
In the second manuscript we show that CD4 T-cells grow optimally at lower doses of IL-7, an
effect of the cytokine’s regulation of the src kinase LCK. The final two manuscripts are based
on our initial findings that IL-7 regulates the stability and hence activity of the cell cycle
phosphatase Cdc25A. As previously stated, in addition to supporting T-cell proliferation, we
show that Cdc25A also has a novel homing effect on T-cells and this is due to its regulation of
the Foxo1 transcription factor. Specifically we demonstrate that T-cells expanded ex vivo with
4

high doses of IL-7 acquire a memory effector T-cell phenotype (CD69hi, CD44hi, and CD62Llo),
resembling antigen activated T-cells that migrate to the extralymphoid organs. Collectively,
these findings show the cellular and molecular consequences of exposing T-cells to high levels
of IL-7 such as administered clinically and demonstrate that there is still much unknown about
the activities of this multipotent cytokine.

5

CHAPTER 2: EX VIVO EXPANSION OF MEMORY CD8 T-CELLS FROM
LYMPH NODES OR SPLEEN THROUGH IN VITRO CULTURE WITH
INTERLEUKIN-7
Introduction

IL-7 increases lymphocyte numbers, a critical feature of immune reconstitution, through
poorly defined proliferative mechanisms. The replicative function of IL-7 has been mainly
examined through in vivo studies, and few in vitro systems have evaluated this activity of the
cytokine. In vitro studies can be problematic because primary T-cells placed in single-cell
suspensions die within a few days of standard culture

25

or fail to proliferate when maintained

with IL-7 alone26. In fact, many IL-7 in vitro studies rely on additional stimuli such as T-cell
receptor (TCR) signaling to support proliferation. Hence in the absence of other signals, in vitro
studies of IL-7 have only revealed a survival function, while it is the in vivo studies that have
shown a proliferative activity.
Although in vivo experiments have yielded important findings, analysis of the data can be
challenging. For example, it is difficult to attribute the proliferation observed in in vivo studies
solely to IL-7. Contributions from other environmental components, such as co-stimulation or
TCR:MHC signaling, must also be taken into account. Moreover, most studies examining IL-7
proliferation utilize the technique of adoptive transfer into immunodeficient mice. Because of
the paucity of lymphocytes in these animals, signaling by various cytokines, self-peptide/ MHC
complexes, or foreign antigens may be atypical due to reduced T-cell competition27. Mice such
as those lacking components of the IL-7 signaling pathway may also have abnormal lymphoid
tissues, impacting lymphocyte trafficking28, 29. Finally, IL-7 treatment increases thymic output,
6

making it difficult to distinguish recent thymic emigrants (RTE) from preexisting (proliferating)
naïve T-cells20, 24.
In order to study the proliferative activity of IL-7 independent of other factors and
identify specific subsets of T-cells that respond to IL-7 by proliferating, we developed an in vitro
culture system for the ex vivo expansion of primary T-cells. Previous in vitro systems failed to
reveal the proliferative activity of IL-7 for multiple reasons. The dose of IL-7 was not optimal
(usually 25 ng/ml or less). Cell concentrations varied but were usually low (~106 cells/ml).
Lastly, the duration of culture with IL-7 rarely exceeded 7 days. The methodology we developed
relies on using a greater density of T-cells with a high concentration of IL-7 under extended cell
culture conditions. Using this method, we were able to distinguish subsets that proliferated in
response to IL-7 from those in which only survival was maintained. This is an important
distinction that needs to be made to fully develop the therapeutic uses of IL-7; application of IL7 could result in the preferential expansion of a specific T-cell subset, potentially leading to a
significant skewing of the T-cell repertoire.

Materials and methods

Mice used and cell isolation techniques
C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, Maine) and
C57BL/6-Tg(OT-I)-RAG1tm1Mom mice were purchased from Taconic (Hudson, NY). Mice were
housed in the animal facility at the University of Central Florida and used at 2-3 months of age.
STAT5b-CA mice were generously provided by Dr. Michael Farrar (Department of Laboratory
Medicine and Pathology, University of Minnesota, Minneapolis, MN) and Bim deficient mice
7

were a kind gift from Dr. Scott Durum (Laboratory of Molecular Immunoregulation, National
Cancer Institute-Frederick, Frederick, Maryland). Animal studies were reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC) at the University of Central
Florida.
Lymph node and spleen cells were isolated by gentle crushing of organs through a 70μM
pore filter (BD Falcon) and pooled. Spleen cells were further treated with ACK lysis buffer
(Quality Biological, Inc.) to lyse red blood cells (RBCs) and enriched for T-cells by negative
selection with a commercially available kit, the Mouse T-lymphocyte Enrichment kit (BD
Biosciences).

T-cell enrichment was confirmed by analysis of surface markers by flow

cytometry.

In vitro culture with IL-7
Culture conditions, for the ex vivo expansion of IL-7-responsive cells, were established as
follows: cells were maintained at a density of 3-5 x 106 cells/ml in complete medium (RPMI
1640 Medium (Invitrogen) supplemented with 10% Fetal Bovine serum (Hyclone), 2βmercaptoethanol (1000X, Life Technologies), and 50 U/ml penicillin/ streptomycin) in 24 well
plates. Recombinant human IL-7 (Peprotech) was added at the start of culture at a concentration
of 150ng/ml and refreshed every other day.

This concentration of IL-7 was established

experimentally after testing a dose range from 10-200 ng/ml for optimal effects upon cell growth
and viability. Cultures were maintained with or without IL-7 for >14 days or until noticeable
cell death was apparent and confirmed by Trypan Blue exclusion staining.

8

Cell surface protein analysis
Surface expression of membrane proteins expressed on T-cells was assessed by flow
cytometry using the following fluorochrome-conjugated antibodies: PE-conjugated anti-CD4
(clone GK1.5), PerCP-conjugated anti-CD8 (clone 53-6.7), FITC-conjugated anti-CD44 (IM7),
and FITC-conjugated anti-CD69 (clone H1.2F3) (BD Biosciences). Cells were incubated with
saturating amounts of the appropriate antibodies for 20 minutes on ice, washed in buffer (PBS +
0.1% bovine serum albumin (BSA)) and analyzed by flow cytometry on a FACSCalibur flow
cytometer (BD Biosciences). Data was analyzed using FCS Express software (Ontario, Canada).

Proliferation assays
For CFSE labeling, 5 x 106 lymph node or splenic T-cells were washed and resuspended
in 2 µM CFSE (Molecular Probes) staining solution (PBS supplemented with 0.1% BSA). After
10 minutes, labeling was stopped and cells washed. The division status of cells was determined
by measuring CFSE fluorescence by flow cytometry at 48 hours after culture with or without IL7. The generation number for the population was determined from a best fit of these data to a
Gaussian curve using the Proliferation Add-on module for the FCS express software.
Unstimulated, freshly-labeled CFSE-containing cells were used to verify the peak corresponding
to the undivided population. To measured DNA synthesis, 5 x 106 cells were pulsed with BrdU
(10μM) for 48 hours and BrdU incorporation was detected with a commercially available kit
(BD Biosciences) according to manufacturer’s protocol. Briefly, cells were typed for surface
markers CD4 or CD8 as described above, washed, fixed, and permeabilized prior to incubation

9

with a FITC-conjugated anti-BrdU antibody. The cells were analyzed by flow cytometry as
described above.

Results
Phenotype of T-cells from STAT5b-CA mice
In order to develop an in vitro culture system for the ex vivo expansion of IL-7 responsive
T-cells, we first needed to identify the types of T-cells that result from a constitutive IL-7 signal.
Hence, we examined the distribution of T-cells isolated from STAT5b-CA mice30. The signal
transduced through the IL-7 receptor is typically mediated through the JAK/ STAT pathway and
expression of a constitutively activated STAT5 (STAT5b-CA) is sufficient to promote IL-7
dependent growth in the absence of the cytokine30. We analyzed the phenotype of T-cells
isolated from the spleen (by negative selection) and lymph nodes from STAT5b-CA mice.
Results are shown in Fig. 1. In agreement with the previous study30, we observed that the
CD4:CD8 ratio of T-cells either enriched from the spleen (Fig. 1A) or isolated from the lymph
nodes (Fig. 1B) were significantly skewed towards CD8 T-cells. Few CD4 T-cells were detected
(less than 16%). Moreover, the CD8 T-cell subsets that were being generated by constitutive
STAT5b signaling did not up-regulate expression of the activation marker, CD69, but displayed
elevated expression of CD44 (Fig. 1A and B). This was most prominent in the T-cells enriched
from the spleen (Fig. 1A). Therefore, these results indicate that IL-7 promotes the expansion of
a specific subset of T-cells, implicating that its replicative function may not extend to all T-cell
types.

10

IL-7 promotes the proliferation of CD8 T-cells
To demonstrate that IL-7 can cause cell division under in vitro culture conditions, T-cells
were enriched from the spleens of wild-type (WT) C57BL/6 mice and labeled with the
intracellular dye, CFSE. Splenic T-cells were cultured with or without IL-7 for 48 hours. Cell
division was assessed after two days of culture because beyond this significant cell death was
observed in the IL-7 withdrawn cells. Fig. 2A shows that a greater percentage of T-cells divided
in the presence of IL-7 compared to cells maintained in the absence of the cytokine. Forty-eight
hours of CFSE labeling revealed that there were two major proliferating populations: (1) A slow
dividing population (that underwent 1–2 cell division cycles) and (2) A rapidly dividing
population (that underwent up to 4 more cell division cycles). The slow dividing population was
IL-7 independent, and these were detected in both the presence and absence of the cytokine (Fig.
2A). In contrast, the rapidly dividing population was IL-7 dependent in that two fold more cells
were detected in the presence of IL-7 (19%) compared to the absence (8.5%) and these cells
underwent up to four more cell division cycles (Fig. 2A). Note that undivided cells only
remained in the cultures lacking IL-7. Similar results were observed with cells isolated from
lymph nodes, given that these cells, though not enriched for T-cells like those from the spleen,
still contained a major population of T-cells (Fig. 2B).
We next determined whether the proliferation observed in in vitro cultures resembled that
observed within the STAT5b-CA mice in terms of the preferential expansion of CD8 T-cells.
Since only a limited number of cell divisions can occur within 2 days, which may not be enough
to detect a skew in CD4:CD8 ratios, we extended the culture period with IL-7 to 7 days and
measured DNA synthesis by BrdU incorporation. Splenic T-cells were pulsed with BrdU for the
11

final 48 hours, and Fig. 2C shows that 21% of the CD8 T cells as compared to 7% of CD4 Tcells incorporated BrdU. These results along with the CFSE findings (Fig. 2A) formed the basis
for the development of the in vitro proliferative assay for the expansion of IL-7 responsive cells.

Ex vivo expansion of memory phenotype CD8 T-cells by IL-7
To identify the type of cell expanded by IL-7, we developed an in vitro culture system
based on optimizing culture conditions and IL-7 dosage. Previously, we found that low doses of
IL-7 only supported survival while high doses promoted cell division19.

Moreover, IL-7

proliferative effects were detected in cells from lymphopenic or IL-7 transgenic mice31, which
are in vivo conditions of higher than normal IL-7 concentration. Using this information, we
optimized the in vitro culture conditions and IL-7 dosage and assessed the phenotype of cells
from C57BL/6 WT mice following long-term culture with the cytokine. Starting with cells
isolated from lymph nodes, we examined the CD4:CD8 ratio. The starting CD4:CD8 ratio was
approximately 1:1 and by day 7 had shifted to 1:6 and by day 14 to 1:8 (Fig. 3A, top panels).
Next the expression of activation and memory markers was examined. We observed an increase
in the expression of CD69 on the expanding CD8 T-cells that was sustained through 14 days of
culture (Fig. 3A, middle panels). Similarly, the percentage of CD8hiCD44hi T-cells increased
upon in vitro culture with IL-7, becoming a predominant population by day 14 (Fig. 3A, bottom
panels).
To rule out the contributions of additional factors possibly present in the lymph node
cultures, we isolated T-cells from the spleens of WT mice by negative selection.

This

enrichment typically yielded 95% or greater T-cells (Fig. 3B, Day 0 data). Results from T-cell
12

cultures were comparable to those observed with the lymph node cells. After 14 days of growth
with IL-7, CD8 T-cells, expressing the memory-phenotype marker, accumulated (Fig. 3B). Note
that a small population of CD8negCD44hi cells, observed in lymph node cultures (Fig. 3A), were
not present in splenic T-cell cultures, suggesting that these CD44hi lymph node cells were likely
not lymphocytes. Our results with splenic T-cells were consistent with those observed with the
STAT5b-CA mice. We found that culture with IL-7 supported the expansion of CD8 T-cells
with a memory phenotype (CD44hi). However, our results were also different since we detected
up-regulation of the CD69 activation marker; an outcome not observed with T-cells from
STAT5b-CA mice (Fig.1). Use of the in vitro culture system was successful in that we could
expand, in the absence of other signals, the type of T-cells, CD8 memory, supported by IL-7.
However, unlike results from in vivo studies

16, 30

, the ex vivo amplified T-cells had an activated

phenotype, as indicated by increased CD69 expression, more typical of antigen-activated cells.
To determine whether the in vitro culture conditions with IL-7 were artificially inducing
the expression of CD69 and CD44, we isolated lymph node cells from OT-1/Rag1−/− mice. This
mouse line is homozygous for a transgene that encodes a TCR specific for ovalbumin (OVA)
and is also deficient in rag1 (recombinase reactivating gene 1). These mice do not develop T or
B cells expressing endogenous receptors, while peripheral CD8 T-cells express the TCR-OVA
transgene. In the absence of OVA, most CD8 T-cells from the OT-1/Rag1−/− mice are of a naïve
phenotype. Fig. 4 shows lymph node cells from OT-1/Rag1−/− mice cultured for 14 days with
IL-7. Unlike the findings with WT cells (Fig. 2), the OT-1/Rag1−/− cells did not proliferate to IL7, as indicated by the absence of BrdU incorporation after 14 days of culture (Fig. 4A). These
cells also did not substantially up-regulate the expression of either CD69 or CD44 (Fig. 4B), as
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was observed with WT lymph node or splenic T-cells (Fig. 3). We can therefore conclude from
these findings that culture conditions with IL-7 do not result in spontaneous proliferation or the
artificial induction of activation or memory markers. Further, we can establish that the IL-7driven accumulation of memory-phenotype CD8 T-cells results not from the conversion of naïve
cells to memory cells, but more likely from the expansion of an already existing population.

Use of the IL-7 in vitro culture system to differentiate survival from proliferative effects
To demonstrate the usefulness of the IL-7 in vitro culture system, we applied our
methodology to determine whether the proliferative activity of IL-7 results as a default of its
survival function. T-cells were enriched from the lymph nodes and spleen of mice which were
deficient for the apoptotic protein, Bim (Bim−/−). Bim has a role in the death of antigen-activated
T-cells32 and deficiency of Bim rescued the T-cell depleted phenotype of IL-7 receptor deficient
mice33. Moreover, we observed that Bim−/− deficient T-cells, unlike WT T-cells, survived but
did not proliferate in cultures lacking IL-7 (data not shown), suggesting that we could replace the
survival (but not proliferative) activity of IL-7 by ablating Bim. Moreover, unlike WT T-cells,
we could culture Bim−/− T-cells in the absence of IL-7 for extended periods of time. Fig. 5A
shows that the starting populations of Bim−/− T-cells from spleen or lymph nodes were
predominantly small-sized cells with few larger blasts as indicated by forward scatter (FSC) and
side scatter (SSC) analysis. This trend was reversed upon extended culture with IL-7 in that by
day 7 and day 14, blast-sized cells became the major population, and subsequently, when
phenotyped, we found that these cells were mainly CD8 T-cells (Fig. 5A).
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Starting populations of Bim−/− lymph node cells revealed a significant number of CD4 Tcells (30%), which dropped to 4% by day 14 in culture with IL-7 (Fig. 5B, top panel).
Conversely, we observed that CD8 T-cells from Bim−/− mice, cultured with IL-7, increased from
41% to 61% by day 14 (Fig. 5B, top panel). Hence, IL-7 in vitro culture conditions selectively
expanded CD8 T-cells from a mixed population of cells isolated from Bim−/− mice in a manner
similar to that observed with cells from WT mice. This trend was not observed with Bim−/−
lymph nodes cells cultured without IL-7 (Fig. 5B, top panel), indicating that the maintenance of
survival through Bim deficiency was not sufficient to promote the expansion of CD8 T-cells.
This also shows that there are no other factors present in IL-7 deprived lymph node cultures that
could sustain the growth of CD8 memory T-cells. In fact, the few CD8 T-cells remaining in the
absence of IL-7 also expressed low levels of CD4; a cell type not expanded in IL-7 containing
cultures. Fig. 5B (middle panel) showed that in the presence, but not absence of IL-7, there were
more CD8 T-cells expressing high levels of CD69 (32%) after a 2 week culture of Bim−/− Tcells. Surface staining also showed that the memory marker CD44 was up-regulated only on
CD8 T-cells cultured with IL-7, resulting in a significant accumulation of these cells by day 14
of culture (Fig. 5B, bottom panel).
Next, we isolated T-cells from the spleens of Bim−/− mice.

Initially, the starting

population of Bim−/− T-cells enriched from the spleen was skewed toward a higher percentage of
CD4 T-cells (50%) compared to CD8 T-cells (35%). Yet, by day 14 of culture in IL-7, the
predominant population was CD8 T-cells, while in the absence of IL-7, CD4 T-cells
predominated (Fig. 5C, top panel). Recall that analysis of cell size by FSC/ SSC showed that
after 14 days of culture with IL-7, the few remaining CD4 T-cells were small in size and that the
15

predominant blast-sized population was CD8 (Fig. 5A, lower panels). In the absence of IL-7,
few blast-sized cells were detected (data not shown). Similar to the results obtained from culture
of WT T-cells with IL-7 (Fig. 3), splenic T-cells from Bim−/− mice expressed high levels of
CD69 (26%) and CD44 (42%) in contrast to cells cultured without IL-7 (1% and 3%
respectively) (Fig. 5C, middle and bottom panels).
In summary, our results show that in vitro culture with IL-7 results in the ex vivo
expansion of CD8 memory-phenotype T-cells. This expansion is not due to the survival function
of IL-7, since Bim deficiency, in the absence of IL-7, could not recapitulate the effects of IL-7.
Rather, our in vitro culture has demonstrated that IL-7 has a separate proliferative function,
resulting in the expansion of a specific subset of T-cells - CD8 memory-phenotype cells - and
that this replicative activity may have the hallmark of antigen-activated proliferation.
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Figure 1. Phenotyping of T-cells isolated from STAT5b-CA mice.
T-cells isolated from spleen (A) and lymph nodes cells (B) of STAT5b-CA mice were analyzed for changes in
surface protein expression. Cells were stained with fluorochrome-conjugated antibodies specific for CD4, CD8,
CD69 and CD44 and analyzed by flow cytometry. FSC/ SSC gating was used to establish viable gates for
lymphocytes. In each dot plot, the numbers shown are the percentages of cells in the indicated quadrant relative to
the total cells. Representative data from one mouse is displayed.
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Figure 2. In vitro proliferation of T-cells by IL-7.
(A–B) Splenic T-cells (A) and lymph nodes cells (B) of C57BL/6 mice were labeled with CFSE and placed in
culture with or without IL-7 (150 ng/ml) for 48 hours. The left panels show the histograms displaying the
fluorescence profile of the viable CFSE-labeled lymphocytes. The percent of rapidly proliferating cells is indicated.
The right panels show the same histograms subjected to analysis using FCS Express Proliferation software to
determine generation time based on loss of CFSE due to cell division. Green lines indicate undivided (rightmost
peak) and divided cells (leftmost peak). The tables at the far right display the percent of cells in each generation. A
representative experiment of three is shown.
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Figure 2. In vitro proliferation of T-cells by IL-7.
(C) Splenic T-cells were cultured with IL-7 for 7 days and pulsed with BrdU for the final 48 hours to determine the
percentage of cells synthesizing DNA. Cells were stained with PerCP-conjugated antibodies for CD4 or CD8 and a
FITC-conjugated anti-BrdU antibody to detect BrdU incorporation and analyzed by flow cytometry. Percentages
shown in the dotplots are gated on viable cells (based on FSC/ SSC) and CD4 or CD8 T-cells that incorporated
BrdU. Representative results from three experiments are shown.
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Figure 3. Expansion of memory-phenotype CD8 T-cells by IL-7.
Lymph node cells (A) and T-cells enriched from spleens (B) of C57BL/6 mice were phenotyped for IL-7-dependent
changes in surface proteins. Cells were cultured with IL-7 (150 ng/ml) for 0, 7 and 14 days. Cells were stained with
fluorochrome-conjugated antibodies specific for CD4, CD8, CD44 and CD69 and analyzed by flow cytometry.
FSC/ SSC gating was used to establish viable gates for lymphocytes. In each dot plot, the percentages of cells in
each quadrant are shown relative to the total cells. Representative results from four time course experiments are
shown.
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Figure 3. Expansion of memory-phenotype CD8 T-cells by IL-7.
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Figure 4. Naive T-cells do not proliferate in response to IL-7.
(A) To examine IL-7 dependent proliferation, cells from the lymph nodes of OT-I Rag1−/− mice were cultured with
IL-7 (150 ng/ml) for 14 days and pulsed with BrdU for the final 48 hours. Cells were stained with antibodies for
CD8 and BrdU for analysis by flow cytometry. Displayed are the percentages of viable CD8 T-cells (based on FSC/
SSC) that incorporated BrdU during the 48 hours pulse. Representative results from two experiments are shown. (B)
Lymph node cells from OT-I Rag1−/− mice were cultured with IL-7 (150 ng/ml) for 0 and 14 days. For analysis by
flow cytometry of surface protein changes, cells were stained with fluorochrome-conjugated antibodies for CD8,
CD44 and CD69. FSC/ SSC gating was used to establish viable gates for lymphocytes. In each dot plot, the
percentages of cells in each quadrant are shown relative to total cells. Time course experiments were performed
twice. Representative results are shown.
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Figure 5. Differentiation of the proliferative from the survival effects of IL-7.
(A) Bim−/− lymph nodes cells and splenic T-cells were cultured with IL-7 (150 ng/ml) for 0, 7 and 14 days.
Formation of lymphocyte blasts was assessed by the FSC/ SSC of cell populations by flow cytometry. In dot plots,
representing data from day 7 and 14 of culture with IL-7, the red gated populations, predominantly CD4 T-cells,
contain the smaller-sized cells, while blue gated populations, predominantly CD8 T-cells, contain the larger blastlike cells. (B–C) Bim−/− lymph nodes cells (B) and splenic T-cells (C) were cultured with IL-7 (150 ng/ml) or
without IL-7 for 0 through 14 days. Cells were stained with antibodies for CD4, CD8, CD44, and CD69 and
analyzed by flow cytometry. FSC/ SSC gating was used to establish viable gates for lymphocytes. The percentages
of cells in each quadrant are shown relative to total cells. Representative data from three experiments is shown.
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Figure 5. Differentiation of the proliferative from the survival effects of IL-7.
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Discussion

We developed an in vitro culture system to specifically examine the proliferative activity
of IL-7. Results obtained from this approach were independent of other variables that could
affect cell growth, such as other cytokines or MHC interactions. The proliferative activity of IL-7
has been demonstrated by in vivo studies25,

34

, however, this activity could not be attributed

exclusively to the cytokine given the complexity of the in vivo environment. Conversely in vitro
studies that could more specifically study the function of IL-7 resulted in conflicting findings. In
some in vitro experiments, IL-7 induced proliferation of T-cells35, while in others it did not26.
One reason for the different findings made by in vitro studies could be that varying culture
conditions were utilized. For example, we and others have shown that the concentration of IL-7
used in culture can influence the experimental outcomes - high doses of IL-7 induce proliferation
while low doses of IL-7 promote survival19, 20. Another factor that could affect in vitro results is
the type of cell evaluated - naïve T-cells may require multiple growth signals while memory Tcells may not. Such variability in the in vitro assay conditions would significantly affect the
response of T-cells to IL-7, creating the ambiguous reports of the cytokine's proliferative
function.
To address this problem, we developed an in vitro IL-7 culture method that would
support the expansion of T-cells as has been observed under in vivo lymphopenic conditions.
Features of our system included an increased dose of IL-7 and extended culture periods. The
concentration of IL-7 (150 ng/ml) utilized in our in vitro cultures is higher than the levels of IL-7
typically detected in serum (0.3–8.4 pg/ml)10. We found that this higher dosage was necessary to
support the active cell cycling of CD8 T cells under our in vitro conditions. In previous studies
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we reported that the induction of proliferation by IL-7 required a stronger IL-7 dose (>50 ng/ml)
than the maintenance of survival (<10 ng/ml)19. It is possible that a strong proliferative stimulus
(as we replicated in our culture system) could be delivered in vivo through synergy of IL-7 with
additional signals such as TCR engagement of MHC/ peptide as has been demonstrated with
naïve T-cells and CD4 memory T- cells25, 36. In this regard, IL-7 could function to lower the
TCR activation threshold. Although less well-documented in vivo, the IL-7 signal could be
enhanced by synergy with other cytokines to drive T-cell proliferation. A recent report showed
that IL-7 could synergize with IL-6 or IL-21 in vitro to promote the proliferation of CD8 T-cells
independent of TCR signaling37 with the resulting enhancement of IL-7 dependent STAT5
activity. Keeping such possibilities in mind, in vivo experiments demonstrate that increasing IL7 levels through the induction of lymphopenia38,
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, expression of an IL-7 transgene15, or

injecting high doses of IL-7 (relative to physiological doses) as has been done in human clinical
trials lead to the expansion of T-cells24. We found that using an elevated dose of IL-7 in our in
vitro experiments mimicked the replicative function of this cytokine observed in vivo.
One specific goal was to use the culture method to identify the subset of T- cells that
actively proliferate to IL-7 in the absence of other signals. We observed that extended in vitro
culture with IL-7 selectively expanded CD8 T-cells with a memory phenotype, such as has been
seen when T-cells proliferate in IL-7 transgenic hosts15. Our in vitro culture likely promotes the
specific expansion of memory-phenotype CD8 T-cells for the following reasons:

1) The

accumulation of CD44hi CD8 T-cells was not immediate but was detectable after 2 weeks of
culture in IL-7, suggesting that these cells expanded from a small existing population and not
from conversion of naïve cells to memory cells. This was confirmed when we observed that
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naïve T-cells from OT-1/Rag1−/− mice did not generate CD44hi cells after culture in IL-7. 2)
After 14 days of culture, small populations of CD4 and CD44lo T-cells still remained, indicating
that non-specific up-regulation of CD44 was not occurring. 3) Only a subset of T-cells, which
were not naïve, rapidly proliferated to IL-7 as indicated by CFSE dilution and BrdU
incorporation, demonstrating that IL-7 did not induce the proliferation of all cultured cells.
The proliferative activity of IL-7 has been characterized by others as non-activating in
that the activation marker CD69 was not up-regulated16, 30. In contrast, we observed that ex vivo
expansion of T-cells with IL-7 resulted in an increase in CD69 expression as well an increase in
the percentage of CD8hi CD69hi T-cells. This outcome is not an artifact of in vitro culture
conditions. We found that CD8 T-cells from OT-1/Rag1−/− mice did not up-regulate CD69.
Moreover, T-cells expressing CD69 have been observed in different tissues.

In the bone

marrow, CD8 T-cells expressing CD69 have been found40, and in the gut, intestinal epithelial
cells (IELs) retain CD69 expression long after antigen has been cleared41. It follows that both
the bone marrow and gut are anatomic sites where IL-7 production has been observed42, 43.
What is unique with our IL-7 in vitro culture system is that we have revealed the presence
of a population of cells that only rely on an IL-7 signal to induce its proliferation. This is
significant because the cell types expanded in vitro in our IL-7 assay are phenotypically similar,
with the exception of CD69 expression, to the T-cell subset that accumulates in vivo in the
lymphoid organs of STAT5b-CA mice. Further, the expansion of memory CD8 T-cells results
not as a default effect of IL-7's survival function, but rather is a consequence of a distinct
proliferative activity. This was shown by using the IL-7 in vitro system to culture Bim deficient
T-cells in the presence or absence of the cytokine. These conclusions could not have been
27

reached by traditional adoptive transfer methods using immunodeficient mice. Therefore, the
presented method for the ex vivo expansion of IL-7 responsive cells incorporates features from in
vivo and in vitro studies to provide a novel methodology to study the diverse activities of this
important cytokine.
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CHAPTER 3: THE INTERACTION OF LCK AND THE CD4 CORECEPTOR ALTERS THE DOSE RESPONSE OF T-CELLS TO
INTERLEUKIN-7
Introduction

CD4 and CD8 T-cells differ in their proliferative responses to IL-7 with a preferential
expansion of CD8 T-cells16, 18, 44. This trend is not limited to in vitro studies or animal models as
similar effects have been observed in humans.

While administration of IL-7 into humans

supported the survival of both CD4 and CD8 T-cells by up-regulating the anti-apoptotic protein
BCL-2, it had the greatest proliferative effect on CD8 T-cells24. Furthermore, lymphopenic
conditions in humans which are associated with increased concentrations of IL-7 show a greater
inverse correlation with CD4 T-cells numbers than CD8 T-cell numbers38. Collectively, these
findings suggest that high levels of IL-7 may have different growth effects upon CD4 versus
CD8 T-cells.
While the effects of extreme ranges of IL-7 concentrations are well known:
immunodeficiency in the absence and lymphoma when overexpressed5, more subtle dose effects
of IL-7 upon T-cell subset growth have also been reported. In one study, by controlling the
expression levels of an IL-7 transgene (Tg) in mice, a concentration effect of IL-7 upon T-cell
development was revealed45. Only low doses of IL-7 could support αβ T-cell development,
while high doses effectively blocked development at an early intrathymic stage. We observed,
using an IL-7 dependent T-cell line, that a low concentration of IL-7 provided survival signaling,
while a high concentration of IL-7 was required to sustain proliferation18, 19. Such findings were
translated into distinct signaling effects upon the proliferation of naïve versus memory CD4 T29

cells, with naïve T-cells cycling less in response to IL-746. In fact, transgenic expression of IL-7
could enhance the proliferation of both CD4 and CD8 T-cells but not B-cells31, however the
proliferation of CD4 T-cells compared to CD8 T-cells was significantly slower. Moreover,
injections with IL-7 resulted in CD4 T-cells increasing their numbers only four-fold as compared
to CD8 T-cells which increased 14-fold16. These studies suggest that there are IL-7 dose specific
effects, and that lymphocyte subsets do not respond equally to IL-7, with CD4 T-cells lagging
behind CD8 T-cells in their proliferative response. The molecular basis for this differential
response to IL-7 remains to be elucidated but could depend on how the activation of the
transcription factor, STAT5, is regulated.
A critical transducer of the IL-7 signal, STAT5 exists in two redundant forms of STAT5a
and STAT5b and can be phosphorylated and activated by both JAKs and Src kinases, such as
LYN and LCK47-49. Recent studies showed that CD8 T-cells but not CD4 T-cells, with the
exception of regulatory T-cells, are more dependent on STAT5 activity.

Loss of STAT5

severely affected the survival of CD8 T-cells as compared to CD4 T-cells50, and mice expressing
a constitutively active form of STAT5b displayed a striking expansion of CD8 T-cells30. Why
CD8 T-cells thrive under conditions of high STAT5 activity, but not CD4 T-cells, remains to be
fully understood. Answers may lie in a better understanding of the function of the CD4 and CD8
co-receptors and how their modulation of Src kinase activities affects cytokine signaling through
STATs.
It is well known that homeostatic proliferation of naïve T-cells requires both an IL-7
signal, since these cells fail to grow when transferred to IL-7−/− recipients25, and a T cell receptor
(TCR) signal transduced though the Src kinase, LCK51. However, administration of IL-7 has a
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strong biological effect on CD8 T-cells, leaving unexplained why CD4 T-cells fail to grow as
abundantly upon receiving the same IL-7 stimulus. One recent explanation is that MHC class II
expression on dendritic cells, which also express an IL-7R, is down-regulated by IL-7 and
inhibits the expansion of CD4 T-cells, at least in vivo44. However CD4 T-cells still fail to thrive
in STAT5b transgenic mice, in which the transgene was only expressed in lymphocytes30,
suggesting that there also exist inherent differences in CD4 T-cells that account for their inability
to respond to IL-7 in the same manner as CD8 T-cells. Our own observations with in vitro
culture of isolated T-cells with IL-718 support this conclusion. To explore the different dose
responses of T-cell subsets to IL-7 and reveal a potential mechanism to account for such
differences, we studied the expansion of CD4-expressing and non-CD4 expressing T-cells to
high and low doses of IL-7. We found that expression of the CD4 co-receptor and the Src
kinase, LCK, modulated the responsiveness of CD4 T-cells to IL-7, enabling these to
preferentially grow under conditions of low dose, but not high dose, IL-7. CD8 T-cells, in
contrast, had no such restrictions. CD4 and CD8 T-cells are thus equipped to respond differently
to IL-7, through the interaction of LCK and CD4 co-receptor, which has significant implications
for the use of the cytokine in a therapeutic setting.
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Materials and methods

Mice, cells and cell isolation techniques
C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, Maine) and OT1/Rag1-/- mice were purchased from Taconic. Mice were housed in the animal facility at the
University of Central Florida and used at 2-3 months of age. STAT5b-CA mice were generously
provided by Dr. Michael Farrar (Department of Laboratory Medicine and Pathology, University
of Minnesota, Minneapolis, MN). IL-7R transgenic mice were generously provided by Dr.
Alfred Singer (NEI, NIH). Animal studies were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Central Florida.
Lymph node and spleen cells were isolated by gentle crushing of organs through a 70μM
pore filter (BD Falcon) and pooled. Spleen cells were further treated with ACK lysis buffer
(Quality Biological, Inc.) to lyse red blood cells (RBCs) and enriched for T-cells by negative
selection with a commercially available kit, the IMag Mouse T-lymphocyte Enrichment kit (BD
Biosciences). CD4 or CD8 T-cell subsets were enriched by negative selection using the IMag Tcell enrichment kit supplemented with biotinylated CD4 or CD8 antibodies. Thymocytes were
isolated from thymic lobes by gentle disruption with a micropipette after treatment with 0.2%
collagenase and double negative thymocytes (CD4-/-CD8-/-) isolated by negative selection using
the IMag system as described above. Naïve T-cells were isolated directly from the lymphoid
organs of C57BL/6 mice, while CD44hi memory T-cells were isolated from OT1/Rag1-/- mice
after 6 weeks from receiving an interperitoneal injection of 10 mg of ovalbumin (OVA).
Isolation of T cells was confirmed by analysis of surface markers by flow cytometry as described
below.
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The IL-7-dependent T-cell line, D1, was established from pro-T-cells isolated from a
p53-/- mouse as previously described52.

In vitro culture with IL-7
Culture conditions, for the ex vivo expansion of IL-7-responsive cells, were previously
described18.

Briefly, primary T-cells isolated from lymphoid organs were maintained at a

density of 3-5 x 106 cells/ml in complete medium (RPMI 1640 Medium (Invitrogen)
supplemented with 10% fetal bovine serum (Hyclone), 2-βmercaptoethanol (1000X, Life
Technologies), and 50 U/mL penicillin/ streptomycin) in 24 well plates. Recombinant human
IL-7 (Peprotech) was added at the start of culture at a concentration of 10 or 150 ng/ml and
refreshed every other day. Previously we established that murine T-cells grow well with human
recombinant cytokine. Cultures were maintained with or without IL-7 through 14 days or until
noticeable cell death was apparent and confirmed by Trypan Blue exclusion staining. In LCK
inhibition experiments, cells were treated with LCK inhibitor II (Calbiochem) at 1μM or with a
comparable volume of the vehicle control (DMSO) at the time points indicated in the figure
legends. The D1 and D1-CD4 T-cell lines were maintained in complete medium as described
above and cultured with 0, 10, or 50 ng/ml of IL-7 as indicated.

Cell surface protein analysis
Surface expression of membrane proteins expressed on T-cells was assessed by flow
cytometry using the following fluorochrome-conjugated antibodies: PE-conjugated anti-CD4
(clone GK1.5), PerCP-conjugated anti-CD4 (clone RM4-5), PerCP-conjugated anti-CD8 (clone
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53-6.7)

(BD

Biosciences)

and

PE-conjugated

anti-CD127

(IL-7R)

(clone

A7R34)

(eBiosciences). PE- or PerCP-conjugated isotype matched antibodies were used as controls for
non-specific staining.

Cells were incubated with saturating amounts of the appropriate

antibodies for 20 minutes on ice, washed in buffer (PBS + 0.1% bovine serum albumin (BSA))
and analyzed by flow cytometry on a FACSCalibur flow cytometer (BD Biosciences) or C6 flow
cytometer (Accuri).

Viability and proliferation assays
T-cell viability was determined based on cell shrinkage and fragmentation by gating on
FSC/ SSC parameters acquired by flow cytometry. To measure DNA synthesis, 5 x 106 cells
were pulsed with BrdU (10μM) for 48 hours, and BrdU incorporation was detected with a
commercially available kit (BD Biosciences) according to manufacturer’s protocol. Briefly,
cells were typed for surface markers CD4 or CD8 as described above, washed, fixed, and
permeabilized prior to incubation with a FITC-conjugated anti-BrdU antibody. The cells were
analyzed by flow cytometry as described above. Statistical analysis was performed using Prism
software (GraphPad).

Intracellular staining of phospho-STAT5 or LCK
For detection of intracellular phosphorylated STAT5 and total LCK, we used an
optimized protocol designed to enhance detection of these intracellular proteins53. Prior to
fixation, cells were stained with PerCP-conjugated antibodies for CD4 (clone RM4-5) or CD8
(clone 53.6.7) (BD Biosciences) as described above.
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Cells were washed, fixed, and

permeabilized with the Fix & Perm Cell Permeabilization kit (Caltag) following the
manufacturer’s protocol. Cells were stained with either PE-conjugated anti-phospho-STAT5
(clone 47), or PE-conjugated anti-LCK (clone MOL 171) or isotype matched control PEconjugated antibodies (BD Biosciences). Cells were analyzed by flow cytometry using the C6
flow cytometer (Accuri) as described above.

Plasmids and transfection of cells
To generate the D1-CD4 T-cell line, D1 T-cells were transfected with CD4 cDNA by
electroporation using standard methodologies. Stable lines were selected by antibiotic resistance
to Blastocidin.

For transient expression of the CD4 co-receptor on CD8 T-cells, CD8 T-cells

were enriched by negative selection with biotinylated anti-CD4 (clone GK1.5) (BD Biosciences).
CD8 T-cells were then nucleofected with 4µg of plasmid encoding for the CD4 co-receptor,
EGFP or the empty vector (pcDNA), using the Mouse T-cell Nucleofection kit (Amaxa)
according to the manufacturer’s protocol. Cells were analyzed after 24 hours.

Confocal microscopy and live cell imaging
T-cells were stained with the indicated fluorochrome-conjugated antibody as previously
described for cell surface protein analysis. D1-CD4 T-cells were fixed after staining using the
fixation protocol that is part of the Fix & Perm Cell Permeabilization kit (Caltag). Images were
acquired with LSM 510 using 100x/1.4 Oil DIC objective.

The composite images were

processed and 3D projections of the Z-stacks were generated using the LSM image browser from
Zeiss. For live cell imaging, images were acquired with Axio Observer Z1 using a Plan35

Apochromat 63x/1.4 Oil objective. The images were processed with AxioVision LE (Zeiss).
Scanned images were generated and modified within the Zen 2009 image processing program
(Zeiss).

Immunoprecipitation and immunoblotting
D1 and D1-CD4 T-cells were lysed using Cell Lysis Buffer (Cell Signaling) in the
presence of protease inhibitors (Roche) at 4oC. Lysates were precleared with Preclearing Matrix
E (sc-45056; Santa Cruz), following manufacturer’s protocol, and incubated overnight at 4oC
with CD4 antibody (clone 5B5) or CD3 (clone 5B2) (Santa Cruz) antibody complexed with an
immunoprecipitation matrix according to the manufacturer’s protocol (ExactaCruz E: sc-45042,
Santa Cruz).

Next day, the matrix was washed and resuspended in 2x loading buffer

(Invitrogen), heated to 94°C and centrifuged to pellet matrix. Supernatants were loaded onto a
12% SDS-PAGE gel and proteins transferred onto nitrocellulose membrane. Immunoblotting
was performed with anti-LCK (clone 28/LCK) or anti-CD4 (clone C-18) (Santa Cruz) primary
antibody followed by the appropriate ExactaCruz E secondary antibody (for immunoprecipitated
lystates) or an HRP-conjugated secondary antibody (for pre- and post-precipitation lysates).
Signal was developed by enhanced chemiluminescence (ECL) (Pierce) and visualized on
BioMax ML film (Kodak).

The relative intensities of the bands were quantitated using the

Kodak Image Station 4000MM PRO with band detection and density determined using the
Carestream Molecular Imaging SE software.
For detection of phosphorylated LCK, whole cell lysates from primary cells were
prepared as described above in the presence of phosphatase inhibitors (Roche). Supernatants
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were loaded onto a 12% SDS-PAGE gel and proteins transferred onto nitrocellulose membrane.
Immunoblotting was performed with Phospho-LCK (Tyrosine 505) antibody (Cell Signaling),
followed by the appropriate HRP-conjugated secondary antibody.

Csk gene expression analysis by real-time PCR
For RNA extraction, D1 cells (2.0 x107) were centrifuged and cell pellets were
resuspended in 1 ml TRIZOL (Invitrogen). One µg of RNA was converted into cDNA using
iScript cDNA synthesis kit (BioRad). Real-time PCR reactions were performed using Fast
SYBR® Green Mix (Applied Biosystems) on a 7500 Real-time PCR system (Applied
Biosystems). Primers sequences for Csk were Forward: 5’-ATGAAGAACTGCTCGCACCT-3’
and Reverse: 5’-GGCTCAGTTCAAGTTCAGGC-3.’
control.
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β-actin was used as an endogenous

Results

IL-7 has been described as a growth factor for T-cells; however the reported proliferative
effects of IL-7 upon different lymphocyte subsets vary considerably.

Consistent with this

observation, we reported that ex vivo culture of T-cells with a high dose of IL-7 (in the absence
of TCR stimulation) resulted in the preferential expansion of CD8, but not CD4, T-cells18. This
bias of IL-7 on the proliferation of CD8 T-cells over CD4 T-cells under high dose conditions was
also apparent upon IL-7 administration to humans24 or mice15. In this study, we sought to
examine the basis for the differential responses of CD4 T-cells versus CD8 T-cells to IL-7,
focusing on why CD4 T-cells grow optimally at a lower dose of IL-7.

IL-7 dose responsiveness is different between CD4 and CD8 T-cells
Using the IL-7 ex vivo culture system that we previously developed18, we compared the
growth of CD4 and CD8 T-cells cultured in different concentrations of IL-7. These doses of IL7 was chosen after examining the effect of low and high concentrations of IL-7 upon the
expansion of IL-7 dependent cells18. T-cells were isolated from the lymphoid organs of wild
type mice and cultured with 150 or 10 ng/ml of IL-7 for 5-14 days. Figure 6A shows that
expansion of T-cells occurred at both doses of IL-7 tested, with slightly more cells recovered in
response to the higher 150 ng/ml dose. This was indicated by an approximate doubling of T-cell
numbers from 5 through 14 days of culture (Fig. 6A).

Assessment of the viability of the cell

cultures revealed that after 5 days, cells grown with 10 or 150 ng/ml IL-7 were 62-64% viable
(Fig. 6B). However, after 14 days of culture, more death was observed with cells grown at the
150 ng/ml dose of IL-7 (39% viable) compared to the lower dose of 10 ng/ml (53% viable) (Fig.
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6B). Immunostaining revealed that the majority of the T-cells that expanded at the higher dose
of IL-7 were CD8 T-cells (Figs. 6C, 6E). In contrast, the CD4 T-cell population, when cultured
with 150 ng/ml of IL-7, was significantly diminished relative to CD8 T-cells (Figs. 6D, 6E).
While CD8 T-cell numbers more than doubled when cultured with 150 ng/ml of IL-7, CD4 Tcells were maintained at the lower dose of 10 ng/ml of IL-7 (Figs. 6C, 6D). Initially, CD4 Tcells were detected in approximately equal ratio with CD8 T-cells (typical CD4:CD8 ratios for
C57Bl/6 mice range from 1.3-1.0:1.0) (Fig. 6E), but after 5 and 14 days CD4 T-cells were
increased only in culture with the lower dose of IL-7 tested (Fig. 6E). Hence, relative to CD8 Tcells, CD4 T-cell numbers decreased over time when maintained with the higher dose of IL-7.
The apparent loss of the CD4 T-cells when cultured with 150 ng/ml of IL-7 could result from
increased cell death or loss of proliferation.
Previously, we found that CD4 T-cells incorporated less BrdU (synthesized less DNA),
compared to CD8 T-cells, under conditions of high dose IL-718, suggesting that their
proliferation was impaired.

However, we also detected decreased viability in total T-cell

cultures grown with 150 ng/ml of IL-7 for 14 days that could be due to increased CD4, but not
CD8, T-cell death (Fig. 6B). To examine this, we enriched T-cells isolated from lymphoid
organs for either CD4 or CD8 subsets and assayed for viability of each subset grown under
conditions of high dose IL-7. Figure 6F shows that enrichment yielded cultures of either CD4 or
CD8 T-cells without measurable cross-contamination. After seven days of culture with high
dose IL-7, we observed fewer viable CD4 T-cells (69% viable) and more viable CD8 T-cells
(90% viable), indicating that CD4 T-cells were dying (dead cells indicated by shrinkage and
fragmentation) under conditions of 150 ng/ml of IL-7 (Fig. 6F). Moreover, an approximate
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doubling of enriched CD8 T-cells occurred at the higher dose of IL-7 that was not noted with
CD4 T-cells (data not shown). These results suggested that CD4 T-cells were inhibited for both
proliferation and survival when the amount of IL-7 was increased and are therefore intrinsically
different from CD8 T-cells in their response to the cytokine.
To rule out potential competitive advantages due to differential expression of IL-7R, we
isolated T-cells from mice transgenically engineered to express IL-7R (IL-7RTg). While IL7RTg CD4 and CD8 T-cells express higher levels of IL-7R than their wild-type counterparts,
both IL-7RTg CD4 and CD8 T-cells express similar levels of the receptor (data not shown).
Despite the fact that IL-7R levels were elevated on both T-cell subsets, culture of IL-7RTg Tcells in high dose IL-7 still skewed the CD4:CD8 ratio to mostly CD8 T-cells (Fig. 6G). BrdU
incorporation showed that, in contrast to CD8 T-cells, IL-7RTg CD4 T-cells proliferated poorly
in response to IL-7 (Fig. 6G). We conclude therefore that CD4 T-cells were inhibited for growth
in high dose IL-7 irrespective of the level of IL-7R.

Expression of CD4 alters the IL-7 dose responsiveness of T-cells
As our findings showed that IL-7R expression could not fully account for the variation in
responses of CD4 versus CD8 T-cells to high dose IL-7, we examined the contribution of the
CD4 co-receptor and tested whether expression of CD4 on CD8 T-cells could reverse IL-7 high
dose responsiveness. We transiently expressed the CD4 co-receptor on freshly isolated naïve
CD8 T-cells, that is T-cells that had not been exposed to exogenous antigen, using the technique
of nucleofection and cultured the nucleofected naïve T-cells in high dose (150 ng/ml) or low
dose (10 ng/ml) IL-7 for 24 hours. Nucleofection efficiency, as measured by the expression of
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GFP that is independent of any IL-7 effects (Fig. 7A), averaged about 32%, and we detected the
expression of CD4 in about 56% of the total cells nucleofected with the CD4 cDNA (Fig. 7A).
Note, that we observed a small percentage of naïve CD8 T-cells (5–6%) that also endogenously
expressed CD4 in cells nucleofected with the empty vector, pcDNA (Fig. 7B). In naïve CD8 Tcells nucleofected with the CD4 co-receptor, we observed few CD8 T-cells (11%) cultured with
150 ng/ml of IL-7 (Fig. 7B). However, at 10 ng/ml of IL-7, these cells composed almost 34% of
the total naïve T-cell population (Fig. 7B).
To account for the loss of naïve CD8 T-cells co-expressing CD4 at the higher dose of IL7, we examined cell viability. Note that the short nature of the nucleofection experiment would
not allow for significant proliferation to have occurred. Overall viability for all nucleofected
cells (pcDNA and CD4) ranged from 40–50% and equal numbers of cells were analyzed in each
experimental set (data not shown). Fig. 7C is gated on naïve CD4-expressing CD8 T-cells and
shows that there were fewer viable cells (12%) in 150 ng/ml of IL-7 compared to 10 ng/ml of IL7 (32%). This result shows that there was increased cell death (identified by shrinkage and
fragmentation) of naïve CD4-expressing CD8 T-cells at the higher dose of IL-7. Furthermore,
the amount of CD4-expressing CD8 T-cells detected at 10 ng/ml of IL-7, 34% (Fig. 7C),
correlated well with the percentage of CD8 T-cells that were nucleofected as indicated by EGFP
expression (Fig. 7A). This data suggested that expression of the CD4 co-receptor altered the IL7 dose response of naïve CD8 T-cells, adapting them for growth in low dose IL-7.
To determine whether the effect of CD4 altering the IL-7 dose responsiveness of naïve
CD8 T-cells could occur in other subsets of T-cells, we isolated CD44hi memory CD8 T-cells
from OT-1/Rag1−/− mice previously primed with ovalbumin and nucleofected with CD4 cDNA.
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Nucleofection efficiency and CD4 expression were optimal in these cells (Fig. 7D). Fig. 7D
shows that expression of CD4 on these memory CD8 T-cells (note that OT-1 mice do not have
endogenous CD4 T-cells) also significantly shifted the dose response to the lower concentration
of IL-7. We confirmed, therefore, the observation made with naïve T-cells (Fig. 7B and C) that
CD4 expression alters the capacity of CD8 T-cells to respond to IL-7. We also examined a third
subset of T-cells that are highly responsive to IL-7 - the double negative (DN) thymocytes
(CD4-/-CD8-/-) found in the thymus. DN thymocytes were very difficult to nucleofect with gene
expression efficiencies of 11-13% (Fig. 7F). Nevertheless we observed minimal differences in
CD4-expressing cells cultured with high or low dose IL-7, suggesting that thymocytes at this
stage of development may be independent of the effects of CD4 expression upon IL-7 signaling.
Given the findings observed with naïve and memory peripheral CD8 T-cells, we concluded that
there were no significant intrinsic differences between CD4 and CD8 T-cells, in regards to IL-7
dose responsiveness, other than co-receptor expression. Our data thus far supported a role for
the CD4 co-receptor in modulating the responses of T-cells to different concentrations of IL-7.
To examine how the expression of CD4 versus CD8 co-receptor could affect IL-7
signaling, we analyzed co-receptor distribution. Using confocal microscopy, we acquired images
using unfixed, live cells to observe the distribution of the co-receptors. Fig. 8A shows two
representative images of multiple cells that were visualized showing that the CD8 co-receptor
(green fluorescence) is evenly distributed on the surface of freshly isolated naïve T-cells. In
contrast, when freshly isolated naïve CD4 T-cells were imaged, distinct patches or brighter
aggregates of the co-receptor (red fluorescence) could be seen at or near the surface of these cells
(Fig. 8A, right), perhaps localizing to membrane proximal vesicles. These results suggested that
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there were significant differences in the segregation of the membrane-associated CD4 coreceptor, but not the CD8 co-receptor, that could influence intracellular signaling cascades.
In order to examine the contribution of the CD4 co-receptor to IL-7 signaling at the
mechanistic level, we used a T-cell line, called D1, that is IL-7 dependent and does not express
any co-receptors but retains TCR:CD3 expression17. Previously, we showed that D1 T-cells
begin to die between 24 and 48 hours after IL-7 withdrawal17. To study the role of the CD4 coreceptor, we stably transfected D1 T-cells with CD4 cDNA (D1-CD4) and selected for cells
expressing the co-receptor. These experiments were possible because CD4, unlike CD8, is a
single transmembrane protein that can be expressed from a single stably integrated plasmid.
We observed significant levels of CD4 expression on 70–80% of the D1-CD4 T-cells, but
not D1 T-cells (Fig. 8B and data not shown). Composite images in Fig. 8B show surface
expression of the CD4 co-receptor and IL-7R on D1-CD4 T-cells that were fixed and analyzed
by confocal microscopy. We noted that while the IL-7R seemed equally distributed on the cell
surface, the CD4 co-receptor appeared to aggregate within patches in the membrane (Fig. 8B)
similar to that observed on naïve CD4 T-cells (Fig. 8A, right). No significant overlay of the CD4
co-receptor and the IL-7R was noted (Fig. 8B, overlay). Interestingly, while the parental D1 Tcells grew optimally at an IL-7 dose of 50 ng/ml52, we observed decreased viability of D1-CD4
T-cells at this dosage (data not shown). In fact, the D1-CD4 T-cells grew best at a lower dose of
10 ng/ml of IL-7. We thus routinely maintained the D1-CD4, but not the D1 T-cells, at an IL-7
concentration of 10 ng/ml. As we observed for primary T-cells (Fig. 6) and CD4-expressing
CD8 T-cells (Fig. 7), expression of the CD4 co-receptor enabled D1 T-cells to grow at a lower
dose of IL-7 compared to the parental D1 cell line.
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Association of LCK with CD4 is observed in an IL-7 dependent T-cell line
Our data suggests that the CD4 co-receptor modulates the dose response of a T-cell to IL7. We ruled out a contribution from the IL-7R by showing that transgenic expression of the IL7R did not generate comparable responses to IL-7 between CD4 and CD8 T-cells (Fig. 6G) nor
did CD4 directly associate with the IL-7R (Fig. 8B). Therefore to understand the contribution of
the CD4 co-receptor to the IL-7 signal, we examined the intracellular association of CD4 with
the Src kinase, LCK54. It is known that LCK has a different affinity for CD4 versus CD855. The
proportion of LCK associated with the CD4 co-receptor was documented to be 10–20-fold
higher than the amount associated with the CD8 co-receptor56.

In fact, a range of 75–95% of

cellular LCK has been reported to be associated with CD4 co-receptor while only 5–10% is
associated with CD857. Such findings led us to determine whether the association of LCK with
the CD4 co-receptor or the CD3/TCR complex could be detected in D1 and D1-CD4 T-cells.
We directly examined the association of LCK with either the CD4 co-receptor or the CD3/ TCR
complex by co-immunoprecipitation.

Using D1 and D1-CD4 T-cells, we performed

immunoprecipitation experiments using antibodies against either CD4 or CD3 and
immunoblotted for the presence of LCK. Representative pre-precipitation lysates are shown in
Fig. 8C to demonstrate that LCK was present in all the lysates assayed. Fig. 8D shows the
amount of LCK that co-precipitated with either CD3 or CD4 with results from a densitometry
scan below. Results from two representative experiments (Precipitate #1 and Precipitate #2) are
shown (Fig. 8D). Moreover, since multiple bands at the approximate size of LCK and CD4
immunoprecipitated, we used two methods to define the band for the protein of interest: (1)
whole lysates containing LCK or CD4 were run along size molecular marker lanes in an SDS44

PAGE gel to determine upon immunoblotting the location of the protein of interest (data not
shown) and (2) for an unbiased determination of the protein band of interest, we used the
Carestream Molecular Imaging SE software to identify and calculate the density of the unique
band corresponding to our protein of interest, LCK or CD4. In the panels shown in Fig. 8D,
arrows indicate the location of LCK or CD4 determined as described above. We observed that in
D1 T-cells, detectable amounts of LCK associated with CD3 when cells were stimulated with 50
ng/ml of IL-7 (Fig. 8D). No CD3-bound LCK was measured in lysates from D1-CD4 T-cells
(Fig. 8D). Likewise, no LCK was co-immunoprecipitated with CD4 in D1 cells, since these cells
lack expression of CD4 (Fig. 8D). As a control, we only detected CD4 protein by immunoblot in
D1-CD4 T-cells that were co-immunoprecipitated with anti-CD4 antibody.

This co-

immunoprecipitation experiment clearly demonstrated that LCK was associating with CD4 when
the co-receptor was over-expressed. In cells, lacking CD4, LCK could be either “free” or
associated with CD3, the latter more so in the presence of IL-7.

LCK modulates the dose response to IL-7 in primary T-cells
IL-7 signaling involves activation through phosphorylation of JAK3 and STAT5. In
addition, LCK has been shown to promote the direct49 or the indirect, through JAK358,
phosphorylation of STAT5. Phospho-STAT5 levels therefore serve as an indication of a cell’s
signaling status. To determine whether CD4 and CD8 T-cells differed in their ability to generate
phosphorylated STAT5, we measured the intracellular levels of phospho-STAT5 using an
optimized flow cytometry-based methodology53 with an antibody specific for the Tyr694
phosphorylation on STAT5a and STAT5b. We found that a short 20 minute pulse with either
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high or low dose IL-7 could induce the phosphorylation of STAT5 in both CD4 and CD8 T-cells
(data not shown).
Culturing primary T-cells for 5 days with high dose or low dose IL-7 enabled us to
examine the basal levels of phospho-STAT5 and total LCK in response to the cytokine. We
previously compared untreated samples to vehicle (DMSO)-treated samples and no differences
were noted (data not shown); hence to minimize duplication of data we show the results for
vehicle-treated cells. Extended culture of primary T-cells with either 150 ng/ml IL-7 or 10 ng/ml
IL-7 did show a concentration dependent effect upon the levels of phospho-STAT5. In vehicletreated CD8 T-cells, we found increased levels of phospho-STAT5 when cultured with high dose
IL-7 (peak median, 1830) compared to low dose IL-7 (peak median, 1108) (Vehicle, Fig. 9A).
Consistent with the preferred growth of CD4 T-cells in low dose IL-7, we detected more CD4 Tcells with elevated phospho-STAT5 at 10 ng/ml of IL-7 (peak median, 1437) as compared to
high dose IL-7 (peak median 1193) (Vehicle, Fig. 9A). Fig. 9B shows the total intracellular
LCK in the cultured primary cells. CD8 T-cells had higher levels of total LCK compared to CD4
T-cells, and these levels were independent of the concentration of IL-7 in the medium (Fig. 9B).
Next, we treated the high dose or low dose IL-7-cultured primary T-cells with an LCK
inhibitor overnight and assayed for intracellular phospho-STAT5. We noted that LCK inhibition
reversed the observed effects of high dose IL-7 upon phospho-STAT5 levels. In CD4 T-cells,
LCK inhibition restored responsiveness to high dose IL-7, with STAT5 levels increasing (peak
median 1193, increased to 1889), while in CD8 T-cells, LCK inhibition decreased phosphoSTAT5 (peak median 1830, decreased to 1411) (Fig. 9A). At low dose IL-7 (10 ng/ml), LCK
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inhibition effects were less significant with decreased phospho-STAT5 in CD4 T-cells, but
increased phospho-STAT5 levels in CD8 T-cells (Fig. 9A).

CD4-associated LCK confers responsiveness to low dose IL-7
Results from primary CD4 and CD8 T-cells indicated that LCK was influencing the
response to an IL-7 dose (Fig. 9A). To determine whether the CD4 co-receptor was sufficient to
modulate the IL-7 dose response, we examined basal levels of phospho-STAT5 and LCK using
D1 and D1-CD4 T-cells following culture with IL-7. Previously we established that a 20 minute
pulse with high or low dose IL-7 could induce the phosphorylation of STAT5 in D1 and D1-CD4
T-cells, indicating that both cells lines were equipped to respond to an IL-7 signal (data not
shown). Fig. 10A (vehicle control) shows that phospho-STAT5 levels were highest in D1 Tcells cultured with 50 ng/ml of IL-7 and in D1-CD4 T-cells cultured at 10 ng/ml of IL-7,
paralleling the results obtained with primary cells in that phospho-STAT5 levels peaked in CD8
T-cells cultured at a higher dose of IL-7 and in CD4 T-cells cultured at a lower dose of IL-7 (Fig.
9A). In the absence of IL-7, we also detected significant basal levels of phospho-STAT5 in D1
cells but not D1-CD4 cells (Fig. 10A). Total LCK levels for D1 T-cells decreased in an IL-7
dose dependent manner, with the lowest levels detected in the absence of the cytokine (Fig.
10B). Minimal changes were detected in the total LCK levels for D1-CD4 T-cells, although
these were also slightly decreased in cells deprived of IL-7 (Fig. 10B).
As observed with primary T-cells, the effect of LCK inhibition reversed the IL-7 dose
responsiveness of D1 and D1-CD4 T-cells. When we compared the effect of LCK inhibition in
D1 T-cells (Fig. 10A, D1), we detected decreased levels of phospho-STAT5 in response to 50
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ng/ml of IL-7 (peak median 1898 decreasing to 1457 upon LCK inhibition) as well as a
significant decrease in basal phospho-STAT5 in D1 cells cultured without IL-7. In D1-CD4 Tcells, LCK inhibition effectively eliminated most of the increased phospho-STAT5 detected at
the 10 ng/ml dose of IL-7 (peak median 1655 decreasing to 887 upon LCK inhibition) (Fig. 10A,
LCK INH). Therefore, we concluded that LCK modulated the levels of phosphorylated STAT5
and that the sequestering of LCK by the CD4 co-receptor could be in part responsible for the
optimal growth of CD4-expressing cells at low dose IL-7.
To identify a mechanism by which LCK could attenuate the IL-7 signal through
decreased phosphorylation of STAT5 in CD4-expressing cells maintained in high doses of IL-7
(Figs. 9 and 10), we examine the potential role of Csk (c-src tyrosine kinase). Csk negatively
regulates the activity of LCK through phosphorylation of LCK at tyrosine 505. We propose that
one function of the CD4 co-receptor may be to localize LCK within proximity of Csk, which is
found in membrane lipid rafts (see Fig.12 for schematic diagram). Therefore, inhibition of LCK
activity by Csk could result in decreased STAT5 phosphorylation in CD4 expressing T-cells, at
high dose IL-7. To test whether IL-7 directly controls the expression of Csk, we measured Csk
synthesis by quantitative PCR (preliminary data shown in Fig. 11A). We observed that increases
in Csk gene expression could be detected as soon as two hours after IL-7 treatment and also in
D1 T-cells maintained in IL-7 for 18 hours (Fig 11A). Next we determined whether we could
detect differences in the phosphorylation of LCK at tyrosine 505 in primary T-cells cultured with
high or low doses of IL-7. Note that after 14 days of culture, the cells maintained with 150
ng/ml IL-7 had more CD8 T-cells relative to CD4 T-cells (53% CD8 T-cells to 17% CD4 Tcells) (Fig. 11B). In contrast, cell cultures maintained in 10 ng/ml IL-7 contained approximately
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equal ratios of CD4 to CD8 T-cells (Fig. 11B). Figure 11C (preliminary data) shows that there
was slightly more phospho- LCK (tyrosine 505) and total LCK detected in lysates prepared from
cells maintained at 10 ng/ ml IL-7. This could be due to the increased presence of CD4 T-cells
in those cultures, relative to cultures of high dose IL-7 (Fig. 11B). Current studies are underway
to test this idea by immunoblotting for phospho-LCK in lysates prepared from purified cultures
of either CD4 or CD8 T-cells.
In summary, our results suggest that the dose responsiveness of CD4 T-cells to IL-7
depends on the ability of the co-receptor to bind and sequester LCK. We propose that CD4 Tcells are engineered to attenuate a strong IL-7 signal and that this is achieved through the activity
of LCK upon the phosphorylation of STAT5. One possibility is that the CD4 co-receptor
sequesters LCK in manner that optimizes IL-7 signal transduction at low doses, while conditions
at high doses inhibit the activation of the STAT5 pathway. Support for the idea that a strong IL7 signal is detrimental for CD4 T-cells comes from data acquired from STAT5b-constitutively
active (CA) transgenic mice 30. We found that few CD4 T-cells localized to the lymphoid organs
of STAT5b-CA mice18 and that in vitro culture of the remaining CD4 T-cells with IL-7 did not
induce their growth (data not shown). In contrast to CD4 T-cells, CD8 T-cells may contain more
“free” or CD3-bound LCK, and are thus able to respond proportionally to the strength of an IL-7
signal. Therefore, the ability of a T-cell to respond to IL-7 is not only determined by expression
of the IL-7R but may also depend on the localization of the Src kinase, LCK, and whether it is
bound to a co-receptor.

49

Figure 6. High dose IL-7 supports the growth of CD8 T-cells but not CD4 T-cells.
(A–D) Splenic T-cells from C57Bl/6 mice were cultured with 150 or 10 ng/ml of IL-7 for 5 and 14 days. Total
number of T-cells recovered (A), total T-cell viability (B), and the number of cells in the individual subsets of CD8
T-cells (C) and CD4 T-cells (D) were determined by flow cytometry. (E) Ratio of CD4:CD8 T-cells is shown for the
cells in (A–D). (F) CD4 T-cells and CD8 T-cells were enriched from spleens of C57Bl/6 mice. CD4 or CD8 T-cells
were cultured with 150 ng/ml of IL-7 for 7 days, and the ratio of CD4:CD8 T-cells and viability of each subset were
determined by flow cytometry. (G) Splenic T-cells from IL-7R transgenic mice were cultured with 150 ng/ml of IL7 for 7 days. Ratio of CD4:CD8 T-cells is shown. Proliferation was determined by measuring BrdU incorporation.
Representative experiments of three or more performed are shown. *p < 0.05.
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Figure 7. Low dose IL-7 maintains CD8 T-cells that also express the CD4 co-receptor.
(A–C) Naïve splenic CD8 T-cells isolated from C57Bl/6 mice and nucleofected with empty vector (pcDNA) or the
cDNA for murine CD4. Nucleofected CD8 T-cells were cultured for 24 hours with either 10 or 150 ng/ml of IL-7
and assayed for cells retaining the CD4 co-receptor using specific antibodies by flow cytometry. The expression of
CD4 on CD8 T-cells (shown in the percentages in bold) was determined by staining with specific antibodies for
CD4 and CD8 T-cells. (A) Naïve splenic CD8 T-cells were nucleofected, as described above, with the cDNA for
EGFP as an indicator of nucleofection efficiency. (B). Naïve splenic CD8 T-cells were nucleofected, as described
above, with the cDNA for pcDNA or CD4 as indicated in the figure. (C) Viability (shown by percentage of encircled
cells) was determined by examining morphological changes that accompany death, such as cell shrinkage and
fragmentation, using forward (FSC) and side scatter (SSC) gating. (D and E) Memory CD44hi CD8 T-cells were
isolated from OT-1 mice previously primed with ovalbumin. Cells were nucleofected with EGFP cDNA
(nucleofection control) or CD4 cDNA and the expression of CD4 on CD8 T-cells cultured with IL-7 determined as
described above. (F and G) DN thymocytes were isolated from WT mice by negative selection. Cells were
nucleofected with EGFP cDNA (nucleofection control) or CD4 cDNA and the expression of CD4 on CD8 T-cells
cultured with IL-7 determined.
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Figure 8. LCK associates with the CD4 co-receptor.
(A) Surface expression of CD8 and CD4 on unfixed lymph node T-cells was visualized by confocal microscopy.
Arrows indicate aggregation of the CD4 co-receptor. Representative experiments of two or more performed are
shown. (B) Surface expression of IL-7R and CD4 on D1-CD4 T-cells was visualized by confocal microscopy.
Composite images were generated from Z-stacks. (C–D) Immunoblots display the results of co-immunoprecipitation
of LCK with CD4. Whole cell lysates were prepared from D1 and D1-CD4 T-cells cultured with 50, 10 and 0 ng/ml
IL-7. LCK levels in pre-precipitation D1 and D1-CD4 T-cell lysates were determined (C). Pre-cleared D1 and D1CD4 T-cell lysates were incubated with anti-CD3 or anti-CD4 antibodies to immunoprecipitate CD3- or CD4associated proteins and then precipitates were immunoblotted for LCK (D). Two representative experiments are
shown. As control, the immunoprecipitated amounts of CD4 are shown. Band detection and density were
determined using the Carestream Molecular Imaging SE software and results displayed in the accompanying bar
graphs. Arrows indicate protein of interest and (*) denotes non-specific protein bands. Confocal images shown in
(A) and (B) were acquired with the assistance of Ms. Rebecca Boohaker.
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Figure 9. Phospho-STAT5 levels in primary T-cells are dependent on IL-7 dose and LCK activity.
(A) Lymph node T-cells were isolated from C57Bl/6 mice and cultured for 5 days with 150 or 10 ng/ml IL-7. T-cells
were treated with either vehicle (VEH) control DMSO, or 1μM LCK inhibitor II (LCK Inhib) for 18 hours prior to
analysis. Surface expression of CD4 or CD8 was determined using a PE-conjugated anti-CD4 antibody or a PerCPconjugated anti-CD8 antibody and cells were gated for display. Intracellular phospho-STAT5 was measured using a
PE-conjugated phospho-STAT5 (pTyr694) antibody. Levels of surface CD4, CD8 or intracellular phospho-STAT5
were determined by flow cytometry. Isotype matched antibodies were used as controls for non-specific staining.
Shown is the matched isotype control (CTRL) antibody for PE-conjugated phospho-STAT5. (B) Using the samples
from (A), total intracellular LCK was measured using a PE-conjugated antibody that detects both unphosphorylated
and phosphorylated forms of LCK. A matched isotype control (CTRL) for PE-conjugated LCK is shown. Surface
expression of CD4 or CD8 was determined as described in (A) and cells gated for display as described above.
Medians for each histogram peak were determined using FSC Express software and displayed in the table alongside
each histogram set. Representative experiments of three or more performed are shown.
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Figure 10. CD4 associated LCK modulates IL-7 dose responsiveness in D1 T-cell line.
(A) D1 and D1-CD4 T-cells were cultured in 50, 10 or 0 ng/ml IL-7 for 24 hours and treated with either vehicle
(VEH) control DMSO or 1μM LCK inhibitor II (LCK Inhib) for 18 hours prior to analysis. Surface expression of
CD4 in D1-CD4 T-cells was confirmed using a specific PE-conjugated anti-CD4 antibody. Intracellular phosphoSTAT5 was measured using a PE-conjugated antibody specific for phospho-STAT5 (pTyr694). Levels of
intracellular phospho-STAT5 were determined by flow cytometry. Shown is the matched isotype control (CTRL)
antibody for PE-conjugated phospho-STAT5. (B) D1 and D1-CD4 T-cells were cultured in 50, 10 or 0 ng/ml IL-7
for 24 hours as in (A) and total LCK measured using a PE-conjugated antibody that detects both unphosphorylated
and phosphorylated forms of LCK. A matched isotype control (CTRL) for PE-conjugated LCK is shown. Medians
for each histogram peak were determined using FSC Express software and displayed in the table alongside each
histogram set. Representative experiments of three or more performed are shown.
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Figure 11. IL-7 regulates the negative phosphorylation of LCK by Csk.
(A) D1 T-cells were cultured with or without IL-7 for 18 hours or IL-7 was readded for 2 hours after IL-7
withdrawal. Csk mRNA was measured with specific primers by qPCR. (B) Splenic T-cells were isolated from
C57Bl/6 mice and cultured with 150 or 10 ng/ml of IL-7 for 14 days. Ratio of CD4:CD8 T-cells was determined by
staining with fluorochrome-conjugated antibodies specific for CD4 or CD8 T-cells and analyzed by flow cytometry.
(C) Immunoblots display levels of total LCK or phosphorylated LCK at tyrosine 505, the Csk target site. Whole cell
lysates were prepared from the splenic T-cell cultures maintained with 150 or 10 ng/ml IL-7 as shown in (B). qPCR
data in (A) was acquired with the assistance of Mr. Mounir Chehtane. Unpublished prelimimary data.
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Discussion

We and others have shown that in vitro and in vivo conditions in which IL-7
concentrations are high favor the growth and proliferation of CD8 but not always CD4 T-cells.
In this study, we found that T-cells, which express the CD4 co-receptor, preferentially expanded
at lower doses of IL-7 relative to CD8 T-cells because the activity of LCK, which contributed to
the phosphorylation of STAT5, was in part controlled through association with the CD4 coreceptor. Furthermore, we established a direct correlation between the amount of phosphoSTAT5 and the optimal dose of IL-7 for growth and showed that the LCK-induced
phosphorylation of STAT5 significantly contributed to the overall levels of the active
transcription factor.
Evidence found in the literature indicates that JAK signaling is likely an evolutionarily
recent addition to a primordial Src/ STAT pathway47 and suggests that interactions between Src
kinases and JAKs are at times necessary for the full activation of STATs59. Older studies
showed that the Src kinases, FYN, LYN and LCK can directly associate with the IL-7 receptor
complex60,
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and more recently that JAK3 can be phosphorylated upon TCR stimulation

independently of γc receptor engagement58, indicating that direct associations between IL-7
signaling and Src kinases exist. Moreover, expression of a constitutively active LCK kinase
induced the phosphorylation and activation of STAT5b and promoted proliferation49. These
studies and others support our findings that LCK contributes to the phosphorylation of STAT5 in
T-cells. We found, in non-CD4 T-cells deprived of IL-7 or CD4 T-cells cultured with low dose
IL-7 that increases in phospho-STAT5 were due to the activity of LCK. This is in line with what
others have reported in that a proliferative response to an IL-7 signal does not require LCK62.
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The conclusion that can be drawn from our findings is that repression of LCK activity is inherent
in the IL-7 signal. Only when IL-7 is limiting does LCK contribute to the phosphorylation of
STAT5 in a yet to be described manner.
The activity of JAKs and Src kinases can be inhibited by inactivating phosphorylation.
For the Src kinases, this inactivation is mediated through the negative regulatory kinases
Csk/Crk. LCK has a C-terminal tyrosine (Y505) that, when phosphorylated by Csk, inhibits its
kinase activity, causing the protein to adopt a nonfunctional closed conformation63.

The

transmembrane adaptor protein called Cbp (Csk-binding protein) serves the function of
localizing Csk to the plasma membrane where LCK is found64. Moreover, Cbp is known to
localize to membrane lipid rafts65.
Among other signaling molecules that also localize to lipid rafts is the CD4 co-receptor66.
The interaction of LCK with the co-receptors is mediated through an N-terminal dicysteine motif
that forms a unique zinc “clasp” like structure67. Additionally, the longer CD4 tail provides a
larger interface for interacting with LCK. In part this explains why 75–95% of the intracellular
LCK is associated with the CD4 co-receptor

68

. Using either HIV infected CD4 T-cells or an

anti-CD4 antibody, researchers found that the distribution of LCK to lipid rafts was inhibited
upon pre-engagement of CD469. Such findings support a potential mechanism in which the CD4
co-receptor can “sequester” and negatively regulate the activity of LCK. This scenario was
proven in an elegant study in which both the CD4 and CD8 co-receptors were deleted and such
cells were found to respond to non-MHC ligands70. Hence co-receptors not only function to
initiate TCR signaling but also to prevent inappropriate TCR-independent T-cell activation by
binding and potentially inhibiting the kinase.
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Taken in total, such studies support our

observations that T-cells, in which CD4 is over expressed, had detectable CD4-bound LCK, and
that the CD4 co-receptor itself localized to discreet patches on the cell surface- unlike the CD8
co-receptor that was more evenly dispersed. It is therefore likely that the negative regulation of
LCK activity is mediated by signaling proteins such as the CD4 co-receptor or Csk/Cbp that are
brought together in lipid rafts.
In earlier published work52, we performed a cDNA microarray using D1 T-cells and
found that, after 2 hours of IL-7 re-addition to deprived cells, a number of factors involved in
regulating signal transduction activity were increased. Of significance to our current studies,
results from the microarray revealed that IL-7 signaling induced synthesis of the negative
regulator of LCK, Csk52, suggesting that a strong IL-7 signal could be expected to provide a
negative regulatory mechanism for the inactivation of LCK. Given this information, we propose
that, in CD4-expressing T-cells, a high dose of IL-7 would increase the levels of Csk found at the
membrane lipid rafts associated with Cbp. At the same time, the CD4 co-receptor, also located
in the lipid rafts, would recruit LCK to the membrane complex for phosphorylation by Csk. As a
result, the level of LCK phosphorylated at Y505 would increase and the total amount of
phospho-STAT5 available to transduce an IL-7 growth signal would decrease- thereby
attenuating the response of the CD4 T-cell to IL-7. This idea is described in model shown in Fig.
12. Only when the concentration of IL-7 drops, and the level of Csk decreases, would active
LCK be available to contribute to the phosphorylation of STAT5. In T-cells lacking co-receptors
(like D1 T-cell line) little or no LCK could be brought to the membranes for phosphorylation by
Csk, and thus more active LCK would be available to generate phospho-STAT5. An in between
scenario likely occurs in CD8 T-cells, with the IL-7 dose-dependent increase in LCK inhibitory
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phosphorylation by Csk being balanced by reduced recruitment of the kinase to the membrane
lipid rafts.
As a result of our studies, we have identified a novel role for LCK bound to the CD4 coreceptor in the dose response of T-cells to IL-7. Our findings on the relationship between LCK
and STAT5 not only explain the differential response of CD4 and CD8 T-cells to IL-7 but could
also be extended to explain the outcome of cytokine signaling in terms of cell cycling. We
previously showed that the cell cycle inhibitor, p27kip, increased upon IL-7 loss71 and that the cell
cycle activator, Cdc25A, decreased due to p38 MAP kinase-targeted degradation17. It remains
possible that in CD4 T-cells, exposed to high dose IL-7, cell cycle arrest could occur upon CD4coupled LCK inactivation due to a combination of increased p27kip as well as the decreased
stability of Cdc25A. As the clinical use of supraphysiological amounts of IL-7 (>10μg/kg/dose)
in the treatment of immunodeficiencies and cancer therapy increases23, the need for a better
understanding of the effects that can be expected when a T-cell encounters higher than normal
doses of IL-7 becomes absolutely necessary. Studies such as ours serve to provide select
answers but also provoke questions that illustrate the complex nature of this unique and critically
important cytokine.
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Figure 12. Model for proposed high dose IL-7 signaling events in CD4 T-cells.
Model for proposed high dose IL-7 signaling events in CD4 T-cells. In CD4 T-cells, the co-receptor sequesters
cytosolic LCK and brings it into the lipid raft membrane complex. Within the lipid rafts, Csk, anchored to the
membrane by Cbp, is activated and negatively regulates the activity of LCK through inhibitory phosphorylation of
tyrosine 505. The inhibition of LCK then decreases the total amount of active phospho-STAT5. IL-7 increases the
amount of active Csk that inhibits LCK in a dose-dependent manner. Solid gray lines indicate pathways supported
by data and broken lines indicate proposed mechanisms.
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CHAPTER 4: CYTOKINE DRIVEN CELL CYCLING IS MEDIATED
THROUGH CDC25A
Introduction
Cytokines are known to prevent cell death through the induction of the anti-apoptotic
proteins BCL-2 or BCL-XL and the inhibition of pro-apoptotic proteins like BAX, BAD, or
BIM52, 72-75. Overexpression of bcl-2 protects cells from apoptosis after IL-7 or IL-3 withdrawal,
however cells also undergo growth arrest, indicating that these cytokines, in addition to
promoting survival, induce replication14,

72, 74

homeostatic T-cell proliferation in mice16,

34

.

.

IL-7 has been shown to be required for
It therefore appears that the replication of

lymphocytes in the presence of IL-7 (and similarly IL-3) may not be merely a default pathway
reflecting the survival effect of the cytokine, but rather may be a distinct replication signal from
the cytokine receptor.
Cell cycle progression is normally mediated by enzymatic complexes containing cyclindependent kinases (Cdks), which phosphorylate substrates such as the Retinoblastoma (Rb)
protein, releasing E2F and inducing transcription of genes needed for cell division76. Cdks are
partially activated by binding to specific cyclins and then are fully activated by phosphorylation
of a threonine (T160) located in a conserved domain, the T-loop. Progression through G1 and S
phase of the cell cycle requires G1-Cdk/ cyclins, like Cdk4, Cdk6, and cyclin D, as well as the
G1-S Cdk/ cyclins, like Cdk2 and cyclin E, and later cyclin A.

Though transcriptionally

regulated, Cdk activity is primarily controlled through phosphorylation of two conserved
residues found in the ATP binding loop, T14 and Y15, mediated by Wee1 kinase and Myt177. In
this manner, a pool of phosphorylated Cdks can accumulate during the G1 and G2 phases.
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Activation of Cdks, through dephosphorylation of T14 and Y15, is mediated by members of the
phosphatase family, Cdc25A, B, and C78. Cdc25A is necessary for promoting the G1-S phase
transition by removing an inhibitory phosphate on Cdk2, promoting Cdk2-cyclin E/A
activity79,80, but may also have a role during mitotic entry, activating Cdk181. Throughout the cell
cycle, Cdc25A is tightly regulated at the protein level through phosphorylation which induces
ubiquitination leading to degradation82, a process that ultimately contributes to cell cycle arrest
through the absence of active Cdks. In addition to inhibitory phosphorylations, Cdks are also
inhibited by negative regulation mediated through the p16 (INK4) family (p16, p15, p18, and
p19) and the p21 (Cip/Kip) family (p21, p27, and p57), which bind to and inhibit the enzymatic
activity of the Cdks83.
Though inhibition of lymphocyte cell death has been accorded the major function of IL-7,
an activity in cell cycle progression also is observed. Naive T-cells proliferated in vitro when
stimulated with IL-4, IL-7 or IL-15, but only IL-7 was essential for the homeostatic proliferation
of naive T-cells in vivo25, 34. In our previous studies, we found that withdrawal of IL-7 induced
growth arrest in dependent cells52. The present study examines the mechanisms by which IL-7
and IL-3 induce replication in lymphocyte lines and concludes that a key pathway involves the
stress kinase p38 MAPK inactivating the phosphatase Cdc25A.
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Materials and methods

Cell lines, cells, and treatments
The IL-7-dependent cell line, D1, was established from CD4-CD8- mouse thymocytes
isolated from a p53-/- mouse as previously described52. The IL-3 dependent cells are murine proB cell line, FL5.12A74. Pharmacological inhibitors of p38 MAPK, PD169316, and SB202190
(Calbiochem), MEK1 inhibitor, PD98059 (Calbiochem), JNK Inhibitor II (Calbiochem), Cdk2
Inhibitor II (Compound 3; Calbiochem), and Cdc25 inhibitor (NSC 95397; Sigma-Aldrich) were
made as 20 mM stocks in DMSO. Inhibition of Chk1 was achieved by introducing chemically
synthesized small interfering RNA (Santa Cruz Biotechnology, Inc.) using a lipid reagent, TransIT TKO (Mirus) following the manufacturer’s protocol. Cells were treated as described in figure
legends. Lymph node cells from 12-wk-old C57Bl/6 mice were isolated by mechanical teasing
and placed in culture, 5-106 cells/ml, in the presence of 100 ng/ml IL-7 (Peprotech) and 0.25
ng/ml Con A (Sigma-Aldrich) from 48 hours before IL-7 withdrawal.

Plasmids, site-directed mutagenesis, and transfections
For dominant negative inhibition of p38 MAPK, pCMV-Flag-p38 (agf; a gift from R.
Davis, University of Massachusetts Medical Center, Worcester, MA) was used to transfect cells.
Overexpression of cyclin D1 was achieved with pCMV-HA-cyclin D1 (a gift from P. Kaldis,
National Cancer Institute at Frederick). The pCMV-HA-Cdc25 WT plasmid (a gift from J.
Bartek, Danish Cancer Society, Copenhagen, Denmark) was used to generate mutants pCMVHA-Cdc25 S75A and/or S123A, as previously described84. For expression in the D1 cells,
the1.6-kB EcoR1 fragment from either pCMV-HA-Cdc25 WT or pCMV-HA-Cdc25 S75, 123A
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mutant was subcloned into pcDNA 6/V5-HisB (Invitrogen) for selection with Blastocidin. Cells
were transfected by electroporation (BTX model 830) using standard methodologies. Before
electroporation, cells were incubated in a hypoosmolar electroporation buffer (Eppendorf) to
slightly swell the cells and improve transfection efficiency. Primary lymphocytes were isolated
from lymph nodes as described, treated with IL-7 and Con A for 48 hours, and transfected with
TransIT-LTI Transfection reagent (Mirus) following the manufacturer’s guidelines. Transfected
cells (4–6%) were selected by GFP coexpression and assayed for cell cycling and DNA synthesis
after 48 hours with or without IL-7.

Cell cycle analysis and BrdU incorporation
For cell cycle analysis, DNA content was measured by propidium iodide (PI) or 7AAD
staining. Cells, withdrawn from cytokine and/ or treated with pharmacological inhibitors (as
described in figure legends), were placed in detergent buffer52 with 50 µg/ml Rnase (Invitrogen)
at a concentration of 1–2x106 cells/ml with an equal volume of PI (50µg/ml) or 7AAD. Samples
were mixed and incubated at RT for 1 hour before analysis, then assayed by flow cytometry
using a FACSCalibur flow cytometer (Becton Dickinson) and CellQuest software. Listmode
data was acquired and analyzed using ModFit LT software (Verity), excluding apoptotic cells
and cell aggregates. DNA synthesis was assessed by BrdU incorporation, using FITC-anti-BrdU
or PE-anti-BrdU antibody for detection, and 7AAD staining for DNA content with a
commercially available kit following the manufacturer’s instructions (BD Biosciences). BrdU
incorporation in primary T-cells was measured using an anti-BrdU-PE–labeled antibody, gating
on the GFP-positive cells.
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Immunoblotting and RPA
For detection of Cdc25A, cell lysates and the making of specific antibodies have been
previously described84. For analysis of phospho-Rb and phospho-Cdk2, nuclear cell lysates were
made using a modified Dignam protocol containing phosphatase inhibitors and protease
inhibitors

85,86, 87

. Cells lysates were resolved by SDS-PAGE and immunoblotted. For detection

of Cdc25A, mAbs were used (Ab-3, NeoMarkers). For detection of the phosphorylated form of
Rb, cyclin D3, and Cdk4, specific antibodies were used: a rabbit polyclonal for detecting
phospho-Rb (Serine 780; Cell Signaling Technology) and mouse monoclonals for detecting
cyclin D3 and Cdk4 (Cell Signaling Technology). Cdk2 was detected using a rabbit pAb (M2;
Santa Cruz Biotechnology, Inc.). To detect the phosphorylated forms of Cdk2 and Cdk1, blots
were probed for phospho-Cdks (Tyr15) with a rabbit pAb to phospho-Cdk1 (Tyr15; Cell
Signaling Technology), which can also detect Cdk2 when catalytically inactivated by
phosphorylation at Tyr15, and for phospho-Cdk (Thr160) with a rabbit pAb specific for Cdk2
and Cdk1 when activated and phosphorylated at this site (Cell Signaling Technology).
Appropriate secondary rabbit or mouse antibodies cross-linked to HRP (Cell Signaling) were
used for detection.

ECL (Pierce Chemical Co.) was used for visualization following the

manufacturer’s protocol.

For detection of mRNA levels for Cdks and cyclins, RPA was

performed with BD Riboquant multi-probe kits, mCC-1, mCYC-1, and mCYC-2 (BD
Biosciences) following the manufacturer’s guidelines.

For measurement of p38 activity a

commercially available p38 nonradioactive kinase assay kit (Cell Signaling) was used following
the manufacturer’s protocol. Chk1protein levels were determined by immunoblotting nuclear
and cytosolic lysates with a specific antibody (sc8408; Santa Cruz Biotechnology, Inc.) as
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described above for Rb, and detection of γ-tubulin with a specific antibody (Sigma-Aldrich) was
used as a loading control for nuclear lysates.

Results

The cytokines IL-3 and IL-7 have been previously studied for their anti-apoptotic effects
in lymphocytes. We showed that withdrawal of IL-3 or IL-7 induced the translocation of the
death protein BAX73 and that overexpression of the anti-apoptotic proteins BCL-2 or BCLXL14,74 prevented cytokine withdrawal- induced death but did not restore proliferation. Recently,
we found that IL-7 also promoted the expression of cell cycle regulators such as p55Cdc and
Cdk4 and proliferative factors like c-myc52, furthering supporting a proliferative function, in
addition to an anti-apoptotic role, for these cytokines. To identify and characterize components
of cell cycle regulation targeted by cytokines like IL-3 or IL-7, we evaluated the effect of these
cytokines on the proliferation of two different cytokine-dependent cell lines, as shown in Fig. 13
(A and B) and primary lymphocytes shown in Fig. 13C. Withdrawal of IL-3 from the pro-B cell
line, FL5.12A, induced G1 arrest beginning at 8 hours, progressing through 12 hours, and was
complete by 17–24 hours, with cells accumulating in G1 as they exited from S-phase (Fig.13A
and data not shown). These results indicate that IL-3 is required for cell division. Withdrawal of
IL-7 from the thymocyte line, D1, similarly produced a G1 arrest after 24 hours of cytokine
withdrawal (Fig. 13B) that initiated after 12 hours of IL-7 deprivation (not depicted). In both the
IL-3- and IL-7- dependent cell lines, growth arrest began many hours before the apoptotic
processes of mitochondrial breakdown, effector caspase activation and DNA damage, which take
place 24–36 hours after cytokine withdrawal74. These findings indicate the induction of G1
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arrest is an immediate response to cytokine withdrawal that initiates as early as 8 hours after loss
of cytokine signal and is complete 17–24 hours later.
To determine if G1 arrest in response to cytokine withdrawal also occurs in primary
lymphocytes deprived of IL-7, we isolated lymph node lymphocytes (approximately 70% Tcells) and assayed their proliferative capacity. Most primary T-cells are in G0 until antigen
activated16 and we found that addition of a low concentration of Con A, nonmitogenic on its
own, conferred a proliferative response to IL-7 in vitro. Lymph node cells were cultured for 48
hours with IL-7 (100 ng/ml) and Con A (0.25µg/ml), which induced 23.4% of the cells to enter
S-phase. After 24 hours of IL-7 withdrawal, the number of cells in S-phase was reduced to
12.4% (Fig. 13C) and this declined further to 4% by 48 hours (not depicted). Hence, withdrawal
of IL-7 from either cytokine-dependent cell lines or primary lymphocytes induces growth arrest
before apoptosis.
Previously, we reported that shortly after withdrawal of IL-3 or IL-7, the MAPK stress
pathway was activated (data not shown) and played an important role in inducing the later events
of apoptosis88, 89. Therefore, we examined whether stress kinases could also be involved in cell
cycle regulation, specifically the induction of growth arrest observed in the absence of a cytokine
signal. PD169316, a potent inhibitor of the stress kinase p38 MAPK, dramatically increased the
number of FL5.12A cells in S-phase after withdrawal of IL-3, and the weaker p38 MAPK
inhibitor SB202190 also showed significant effects (Fig. 13A and Fig. 14A).

In contrast,

inhibition of other MAPKs, ERK or JNK, failed to restore G1-S phase progression (Fig. 14A)
after IL-3 withdrawal. An effect of pharmacological inhibition of p38 MAPK was accelerated
cell death in the absence of cytokines, as can be noted by the increased number of sub-G1 cells
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(Fig. 13, A and B). This was not observed upon inhibition of the ERK or JNK pathway. Thus,
potent pharmacological inhibitors of p38 MAPK, in addition to relieving the G1 arrest, also
induce some cell death. Perhaps this effect results from mitotic catastrophe or from other drug
effects.
To specifically inhibit p38 MAPK without using pharmacological inhibitors, we
expressed a dominant negative p38 MAPK, which specifically inhibits p38 MAPK activity, in
FL5.12A cells and again observed restoration of cell cycling (approximately 22% in S-phase;
Fig. 14A) and DNA synthesis, shown by BrdU incorporation (approximately 18% cells
synthesizing DNA; Fig. 14B), in the absence of IL-3. In the IL-7 dependent thymocyte line, D1,
G1 arrest after IL-7 withdrawal was also dramatically released by inhibiting p38 MAPK with
PD169316, resulting in increased progression into S-phase (Fig. 13B). Primary lymphocytes
showed a similar pattern upon inhibition of p38 MAPK, relieving the arrest that followed IL-7
withdrawal (Fig. 13C). These results indicate that activation of p38 MAPK after cytokine
withdrawal induces rapid G1-S phase arrest (well before the onset of apoptosis) and that
inhibition of p38 MAPK substantially restores S-phase progression, confirmed by measurements
of DNA synthesis.
We also assayed for the activity of other checkpoint kinases, specifically CHK1, to
determine if these were induced by cytokine withdrawal. Unlike the increased activation of p38
MAPK detected upon cytokine deprivation, we found that protein levels of CHK1 were
negligible by 17 hours of IL-3 or IL-7 withdrawal, though detectable in the presence of cytokines
(data not shown). Therefore, inhibition of CHK1 by RNA interference (Fig. 14A) did not restore
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S-phase progression in the absence of IL-3, suggesting that CHK1 initiated checkpoint regulation
was not the mechanism by which cytokine withdrawal induced growth arrest.
Phosphorylation of Rb, which releases E2F and promotes entry into S-phase, was
interrupted by IL-3 withdrawal and restored by inhibition of p38 MAPK (Fig. 14C), suggesting
that in these cells p38 MAPK acted upstream of the events leading to Rb phosphorylation. One
possibility would be that p38 MAPK negatively regulates the synthesis of the Cdk 4/6-cyclin D
complexes 90, thereby retaining hypophosphorylated Rb in the absence of these complexes. If so,
then we would expect levels of mRNA transcripts for G1-S phase Cdks and cyclins to increase
upon p38 MAPK inhibition. However, RNase protection assays (RPAs), to measure mRNA
transcripts for Cdks and cyclins, for example Cdk 4, during initiation of G1 arrest showed
decline of transcription after 12 hours of IL-3 (Fig. 15A) and IL-7 (not depicted) withdrawal, and
minor, if any, increase in transcription as a result of inhibiting p38 MAPK with PD169316. Readdition of IL-3 or IL-7 after cytokine withdrawal substantially increased the transcription of
Cdks and cyclins as would be expected upon restoration of cytokine signaling pathways
(unpublished data). In the absence of IL-3, inhibition of p38 MAPK did result in a slight
increase in expression of cyclins D2, D3 and E (Fig. 15A), which will be further discussed.
RPAs were also performed to measure transcription of Cdks 1, 5, 7, and 8 and cyclins A2, B1, C,
B2, F, G1, G2, and H, and no effects of p38 MAPK inhibition were observed (not depicted).
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To determine if decreased transcription was reflected by loss of protein, we measured the
protein levels for one of the Cdks, Cdk4, and one of the cyclins, cyclin D3. We found that these
cell cycle mediators could still be detected by immunoblotting cell lysates even 17 hours after
IL-3 withdrawal when cells are fully arrested (Fig. 15, B and C), demonstrating that, though
mRNA levels decreased, the proteins themselves were not limiting in the early stages of cytokine
withdrawal. Thus, the mechanism through which p38 MAPK regulates cell cycling in cytokinedependent lymphocytes is not solely based on controlling the synthesis of Cdks and cyclins.
Whereas other growth factors induce the synthesis of cyclin D, we considered the
possibility that posttranslational regulation of cyclin D could be regulated by IL-3 and IL-7,
because it has been reported that p38 MAPK could phosphorylate cyclin D1, leading to its
ubiquitination and degradation91. We therefore overexpressed cyclin D1 in FL5.12A cells to
determine whether it would mimic the effect of p38 MAPK inhibition in releasing cells from G1
arrest after IL-3 loss. This was not the case because overexpression of cyclin D1 in FL5.12A
cells failed to relieve cell cycle arrest in the absence of IL-3 whereas the p38 MAPK inhibitor
continued to have this effect as it did in untransfected cells (data not shown).

Together,

withdrawal of IL-3 leads to G1 arrest by a mechanism unrelated to the levels of cyclin D mRNA
(Fig. 15A) or protein (Fig. 15, B and C).
Inhibition of Cdk2, a kinase involved in the transition into S-phase, with a potent and
selective pharmacological inhibitor (Cdk2 Inhibitor II- Compound 3), countered the effect of
inhibiting p38 MAPK after 17 hours of IL-3 withdrawal (Fig. 16). This effect was evident in the
absence of IL-3.

Because there were minimal effects of p38 MAPK inhibition on the

transcription of Cdk2 (Fig. 15A), we examined a role for regulation of Cdk2 activity, specifically
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through the Cdc25 family of phosphatases known to dephosphorylate and activate Cdks92.
Treatment of FL5.12A cells with a pharmacological inhibitor (NSC 95397) of Cdc25
phosphatases reversed the S-phase progression induced by p38 MAPK inhibition (Fig. 16).
These findings suggest that Cdc25 phosphatases, and their activation of Cdks, could be essential
components of the pathway through p38 MAPK by which cytokines regulate cell proliferation.
Previous studies had shown that p38 MAPK could directly phosphorylate members of the
Cdc25 family, Cdc25B and Cdc25C, inducing their degradation93, 94. However, it is Cdc25A that
is involved in the G1-S phase transition, dephosphorylating Cdk2 on an inhibitory tyrosine, Y15,
thereby activating it.

We therefore assayed for Cdc25A and observed that the levels of

endogenous (Fig. 17A) and overexpressed HA-tagged Cdc25A rapidly declined 4–8 hours after
IL-3 withdrawal (Fig. 17B), suggesting degradation of the protein. Others have shown that the
degradation of Cdc25A is proteasome dependent79 and mediated through ubiquitination

95

. We

found that inhibiting p38 MAPK subsequently restored Cdc25A protein levels, both endogenous
levels and overexpressed HA-tagged Cdc25A, promoting stability of the phosphatase (Fig. 17B).
Hence, p38 MAPK appears to act upstream of the decline of Cdc25A after IL-3 withdrawal, and
regulating Cdc25A protein stability may be one of the functions of this kinase.
Two critical serines on Cdc25A (S75 and S123) are known to be kinase targets. DNA
damage triggers the Chk kinases which phosphorylate Cdc25A on S123 leading to its
degradation96, 97 and in Xenopus embryos, phosphorylation of S73 (S75 in the human sequence)
is mediated by another unknown kinase98, perhaps also Chk1 as has been recently shown99.
However, Chk kinases are known to be activated during cell cycle checkpoints triggered by
DNA damage100, which occurs later in the apoptotic process, and we did not detect Chk1 protein
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during cytokine withdrawal (data not shown) nor observed any effects on cell cycle progression
upon Chk1 inhibition by RNA interference (Fig. 14A). This demonstrates that cell cycle arrest
due to cytokine withdrawal does not involve Chk1 and suggests that phosphorylation of Cdc25A
is mediated by a different kinase activity in cytokine-deprived lymphocytes.
The regulatory sites on Cdc25A, S75 and S123, can be direct targets of p38 MAPK as
shown by p38 MAPK in vitro kinase assays using HeLa cells84. These results, together with the
increased stability of Cdc25A promoted by p38 MAPK inhibition (Fig. 17B), suggest that p38
MAPK is the kinase principally responsible for phosphorylation of S75 and S123 on Cdc25A,
inducing the decline in Cdc25A after cytokine withdrawal.
Having shown that the decrease in Cdc25A proteins correlated with cell cycle arrest after
cytokine withdrawal, we tested whether it played an important functional role. Because S75 and
123 were the targets of p38 MAPK, leading to its degradation, we mutated these sites and
measured the effect on cell cycling after cytokine withdrawal. Mutation of S75, and S123 to
alanines produced a stable form of Cdc25A that significantly restored S-phase entry after 24
hours of IL-3 withdrawal as shown in Fig. 18A. The Cdc25A double mutant (S75,123A)
functioned like a dominant-positive (DP), promoting cell cycling in the absence of IL-3
compared with expression of the WT protein. Significantly, that activity of Cdc25A-DP in the
absence of IL-3 resulted in DNA synthesis, as shown by incorporation of BrdU, and not just
accumulation in S-phase, with cells progressing into G2/M (Fig. 18A). This was not observed in
cells expressing WT Cdc25A that accumulated in the G1 phase.
The effect of expressing the Cdc25A-DP in IL-7 dependent D1 cells was even more
striking, with increased cells cycling in the absence of IL-7 (24 hours) compared with WT
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protein (Fig. 18B). Using BrdU incorporation to measure DNA synthesis, we also observed
restoration of S-phase progression by this Cdc25A mutein after IL-7 withdrawal (Fig. 18B).
These effects required mutation of both sites (S75 and S123) on Cdc25A, because either one
alone had minimal effects on cell cycling (not depicted). Expression of Cdc25-DP (cotransfected
with the selection marker GFP) in primary lymphocytes was able to restore DNA synthesis
(measured by BrdU incorporation) in primary cells deprived of IL-7 for up to 48 hours (Fig.
18D). Cdc25A-WT also had a positive effect on primary lymphocyte proliferation, though not as
striking as that of the DP protein, perhaps due to reduced levels of p38 MAPK in primary cells as
compared with cell lines. These findings indicate that Cdc25A is pivotal regulator of IL-7driven proliferation of lymphocytes, cell lines and primary cells, and a novel target of IL-7 signal
transduction through p38 MAPK.
In addition to promoting cell cycling, expression of the Cdc25A-DP was able to extend
the life of cells grown in the absence of IL-7. Shown in Fig. 18C, are forward (FSC)/ side scatter
(SSC) plots of D1 cells grown in the absence of IL-7 for 48 hours. Cells expressing the Cdc25A
WT protein, lacking IL-7, had begun to undergo apoptosis and shrink in size, as indicated by
decreased FSC, whereas cells expressing Cdc25A-DP remained viable and did not undergo
atrophy. Therefore, expression of Cdc25A-DP replaced the IL-7 signal for cycling and cell
maintenance for 2–5 days of cytokine withdrawal, after which cells die likely due to loss of
nutrient uptake101. Untransfected cells or cells expressing the WT protein shrink and die after
36–48 hours of cytokine deprivation. As comparison, expression of the anti-apoptotic proteins,
BCL-214 or BCL-XL (data not shown), though protecting cells from death, did not promote cell
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cycling, but rather inhibited growth and instead maintained cells in a shrunken, vegetative state,
likely undergoing autophagy in the absence of cytokines.
Mutation of S75 and S123 on Cdc25A also mimicked the effect of inhibiting p38 MAPK
in stabilizing the Cdc25A protein after IL-3 withdrawal (Fig. 19, A and B) and IL-7 withdrawal
(not depicted). Mutation of S75 alone had a partial effect of stabilizing Cdc25A (Fig. 19B),
although cell cycle progression was not restored, whereas mutation of S123 alone did not restore
protein stability (not depicted). Hence, mutation of both S75 and S123 are required to deregulate
Cdc25A, promoting protein stability and function in the context of cytokine deprivation in
lymphocytes.
The Cdc25A-DP mutant protein was also fully competent for phosphatase activity. The
DP mutant sustained phosphorylation of Rb and Cdks (Cdk2 and Cdk1) after withdrawal of IL-3
or IL-7 (Fig. 19C). Specifically, we detected the accumulation of hyperphosphorylated Cdks at
T160 and Y15, correlating with active cell cycling despite cytokine deprivation. It is possible
that the increased expression of cyclin E (and perhaps cyclins D2 and D3) transcripts observed
during p38 MAPK inhibition (Fig. 15A) resulted from phosphorylated Rb which in turn would
result in the release of E2F and the subsequent induction of various genes, such as cyclins,
involved in cell cycle progression. Hence, expression of Cdc25A-DP was sufficient to induce
cell cycling and maintain cell integrity in the absence of a cytokine growth stimulus, and this in
part resulted from the activation of Cdks/ cyclins and the phosphorylation of Rb.
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Figure 13. Inhibition of p38 MAPK prevents G1/S arrest after withdrawal of IL-3 or IL-7 from cytokinedependent lymphoid cells.
Cell cycle was analyzed by incorporation of propidium iodide (PI). Percent of cells in G1 and S phases was
calculated using ModFit LT software. (A) IL-3 was withdrawn from FL5.12A, pro-B cells for 8, 12, 17, or 24 hours.
The p38 MAPK inhibitor, PD169316 (20 µM), was added at the time of IL-3 withdrawal. Shown is a representative
example of four experiments. (B) IL-7 was withdrawn from D1, a thymic cell line, for 24 hours. The p38 MAPK
inhibitor, PD169316 (20 µM) was added at the time of IL-7 withdrawal. Shown is a representative experiment. (C)
Mouse lymph node cells were isolated and placed in culture with IL-7 (100 ng/ml) and a submitogenic concentration
of Con A (0.25 µg/ml) for 48 hours. Cells were then washed and cultured for 24 hours without IL-7 and with
PD169316 (20 µM). Shown are the results of two combined experiments, with error bars representing ± SEM.
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Figure 14. Inhibition of p38 MAPK, but not ERK or JNK, restores S-progression and Rb phosphorylation in
the absence of IL-3.
Cell cycle was analyzed by incorporation of PI. Percent of cells in S phase was calculated using ModFit LT
software. (A) FL5.12A cells were cultured with or without IL-3 for 17 hours. The p38 MAPK inhibitors, PD169316
(20 µM) or SB202190 (20 µM), the MEK1 inhibitor (activator of ERK), PD98059 (20 µM), and the Jun kinase
inhibitor, JNK inhibitor II (20 µM), were added at the time IL-3 was withdrawn. DMSO (0.1%) was included as a
negative control. Two different FL5.12A clones B3 and A2, stably transfected with a dominant negative (DN) p38
MAPK, were placed in culture without IL-3 for 17 hours. Results shown are representative of two experiments. (B)
FL5.12A-A2 cells, expressing DN-p38 MAPK, incorporated BrdU during 17 hours of IL-3 withdrawal, while
untransfected cells arrested. (C) Levels of phosphorylated Rb protein were assayed in FL5.12A cells after 48 hours
of IL-3 withdrawal. Nuclear lysates were resolved by SDS-PAGE and immunoblotting using an antibody specific
for Rb protein phosphorylated at serine 780.
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Figure 15. Inhibition of p38 MAPK after IL-3 withdrawal induces minor increases in G1-S Cdks and cyclins
in B lymphocytes.
(A) FL5.12A cells were incubated for 12 hours in the absence of IL-3 and then further incubated for 5 hours with
either PD169316 (20µM) or IL-3 (not depicted) for a total of 17 hours. Cells were then harvested and total RNA
isolated. RPAs were performed as described in Materials and methods. Transcription of L32 was measured as a
control for total mRNA expressed. Results were quantified using a Bio-Rad Gel Documentation system, and mRNA
transcripts for Cdks and cyclins normalized to the levels of L32 expression. (B) Whole cell lysates were prepared
from FL5.12A cells deprived of IL-3 for 17 hours and immunoblotted for detection of Cdk4 and cyclin D3 with
specific antibodies. RPAs shown in (A) were performed by Dr. Annette Khaled.
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Figure 16. Inhibition of Cdk2 or Cdc25 reverses the effects of p38 MAPK inhibition of the promotion of cell
cycling during IL-3 withdrawal.
Cell cycling was analyzed by incorporation of PI and percent of cells in S phase was calculated using ModFit LT
software. FL5.12A cells were cultured without IL-3 and PD169316 (20µM) in the presence of 20µM of a
pharmacological inhibitor of Cdk2 (Cdk2 inhibitor II) or 20µM of a pharmacological inhibitor of Cdc25
(NSC95397) for 17 hours and effects of cell cycling assessed.

Figure 17. Cdc25A protein is degraded upon cytokine withdrawal and stabilized, in the absence of cytokines,
by inhibition of p38 MAPK.
(A) Levels of endogenous mouse Cdc25A protein were measured in FL5.12A cells. Whole cell lysates were made
from cells deprived of IL-3 for 2, 4, 8, and 16 hours, then resolved by SDS-PAGE and immunoblotted using an
antibody specific for Cdc25A. Total p38 MAPK was measured as a loading control. (B) Endogenous mouse
Cdc25A was measured in FL5.12A cells stably overexpressing wild-type (WT) human Cdc25A. Whole cell lysates
were made from cells cultured with or without IL-3 and 20 μM of PD169316 for 16 hours, and then resolved by
SDS-PAGE and immunoblotted using antibodies specific for mouse Cdc25A and for human Cdc25A. Levels of p38
were detected as a loading control. Shown are representative experiments of three such performed. Immunoblots
performed by Mr. Dimitry Bulavin.
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Figure 18. Expression of Cdc25A mutated at S75 and S123 prevents G1 arrest and sustains S-phase
progression after withdrawal of IL-3 or IL-7.
DNA synthesis was detected by BrdU incorporation and cell cycle was measured by 7AAD and analyzed by flow
cytometry. Percent of cells in G1 and S-phase was calculated using ModFit LT software, excluding apoptotic cells
and aggregates. (A) FL5.12A cells stably expressing the dominant-positive (DP) Cdc25A (S75,123A) mutein or
Cdc25A-WT were cultured with or without IL-3 for 24 hours. (B) D1 cells stably expressing the Cdc25A-DP (S75,
123A) mutein or Cdc25-WT were cultured with or without IL-7 for 24 hours. (C) Viability and cell size of D1 cells
stably expressing Cdc25A-DP or Cdc25A-WT are shown in dot blots displaying forward (FSC) and side scatter
(SSC). (D) Lymph node cells were isolated and grown with IL-7 (100 ng/ml) and Con A (0.25 μg/ml). Primary cells
were transfected with Cdc25A-DP or Cdc25A-WT and GFP, as a selection marker. Transfected cells, were selected
by gating on GFP expression for analysis of DNA synthesis and cycling by BrdU/ 7AAD staining after 24 hours of
IL-7 withdrawal. Results shown are representative of three or more experiments performed.
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Figure 19. Cdc25A-DP (S75, 123A) remains stable and sustains phosphorylation of Rb and Cdks after IL-3
withdrawal.
(A) Protein levels of Cdc25A-DP (S75,123A) were measured in FL5.12A cells. Cells were deprived of IL-3 for 17
hours, and cytosolic extracts were resolved by SDS-PAGE and immunoblotted using an antibody specific for mouse
(to detect endogenous protein) or human Cdc25A (to detect the overexpressed HA-tagged protein). Total p38
MAPK was measured as a loading control. Shown is a representative experiment of two. (B) Stability of Cdc25A
was determined in FL5.12A cells overexpressing the Cdc25A-DP mutant (DP) and the Cdc25A single mutant
(S75A) (SP) after IL-3 withdrawal. The immunoblot was quantified using a Bio-Rad Gel Documentation system
and results shown in the adjacent panel. The graph indicates fold differences in protein levels measured with or
without IL-3 for 16 hours. (C) Levels of phosphorylated Rb protein and Cdk2 were measured in FL5.12A cells and
FL5.12A cells stably overexpressing the Cdc25A-DP mutein. Nuclear extracts were made from cells deprived of
IL-3 for 17 hours, then resolved by SDS-PAGE and immunoblotted using antibodies specific for phospho-Rb
protein (phosphorylated at serine 780), phospho-Cdk (tyrosine 15) (detects phospho-Cdk2 and phospho-Cdk1) and
phospho-Cdk (threonine 160; detects phospho-Cdk2 and phospho-Cdk1). Total Cdk2 levels were also measured
with a specific antibody. Note, the same cell lysates (equally loaded) were used in the phospho-Rb, phospho-Cdks,
and Cdk-2 blots. Immunoblots shown in (A) and (C) were performed by Mr. Dimitry Bulavin and Dr. Annette
Khaled, respectively.

80

Discussion

Lymphocytes depend on external signals from cytokines for survival and proliferation.
Here we have examined the mechanisms by which IL-3 and IL-7 induce proliferation of
lymphoid cell lines and primary lymphocytes and find that this pathway differs from that of
better-studied factors that induce growth of mesenchymal cells. Rather than inducing synthesis
of cyclins, these cytokines appear to protect lymphocytes from a stress response. Withdrawal of
IL-3 or IL-7 induced cell cycle arrest through activation of a stress kinase, p38 MAPK, which
occurred in the first few hours after cytokine withdrawal. p38 MAPK then directly
phosphorylated the phosphatase Cdc25A at S75 and S123, targeting the phosphatase for
degradation. Because Cdc25A is required to remove an inhibitory phosphate (Y15) from Cdk2,
the latter kinase was inactive, failed to phosphorylate Rb and the cells arrested at the G1-S
boundary. We show that inhibiting either component of this pathway, blocking p38 MAPK
activity or expressing a p38 MAPK-resistant form of Cdc25A, prevented growth arrest in the
absence of a cytokine receptor signal, restoring cell cycle progression as well as maintaining cell
viability and size. We have produced time courses (some are shown) for most of these
phenomena. The sequence of events after cytokine withdrawal is: (1–12 hours) p38 activation,
Cdc25A phosphorylation and degradation; (12–48 hours) G1 arrest; (24–48 hours) apoptosis.
The time points selected for the figures were intended to illustrate each of these phases.
Another mechanism reported for cell cycle arrest after cytokine withdrawal is through an
increase in p27kip1, a negative regulator of proliferation through its interactions with Cdks,
especially Cdk2102. Protein levels of p27kip1 accumulate in serum-starved and growth factor–
deprived cells, and we have confirmed this increase occurs in cells deprived of IL-7 or IL-3.
81

However, we noted that p27kip1 levels also increased after cytokine withdrawal in cells
overexpressing Cdc25A-DP (unpublished data) that were not arrested in G1 (Fig. 18); thus these
cells replicated normally in the absence of cytokines despite their elevation in p27kip1. This
suggests that the positive effect of Cdc25A-DP on cell cycle progression can dominate over the
negative effect of p27kip1.
Microinjection of antibodies to Cdc25A have been shown to arrest cells in G1103,
indicating the importance of this phosphatase in the cell cycle. Overexpression of wild-type
Cdc25A in rat-1 cells accelerated entry into S-phase and the activation of Cdk2 104. However, in
the lymphocytes in our studies, overexpressed wild-type Cdc25A was degraded in the absence of
IL-3 or IL-7 and did not restore cell cycle progression in cell lines (Figs. 17 and 18), whereas
overexpression of the stable Cdc25A-DP sustained cell growth (Figs. 18 and 19). Thus, in our
studies, the failure to rescue cell division with overexpressed wild-type Cdc25A in cell lines is
presumably because it is rapidly degraded after phosphorylation by p38 MAPK, which is
activated by cytokine withdrawal. However, in primary cells, expression of Cdc25A-WT did
have growth promoting effects likely because the levels of active p38 MAPK may be reduced in
comparison to the cell lines. Even in this case, however, expression of Cdc25A-DP resulted in
IL-7 independent DNA synthesis beyond that observed with expression of the WT protein.
In cell lines, Cdc25A-DP supported multiple rounds of cell division in the absence of
cytokine. Over the first 2 days a five-fold increase in cell numbers was observed, thereafter,
cells continued to divide until the rate of cell death increased to the point that all cells were dead
by day 5. The eventual death of cytokine-deprived Cdc25A-DP expressing cells could result
both from apoptosis (because they cease expressing BCL-2) and from metabolic depression
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because cytokine withdrawal also reduces glucose uptake as we showed for IL-7101 and others
showed for IL-3105.
If cytokines induce survival via BCL-2 or BCL-XL and proliferation via Cdc25A one
might predict that transfecting both BCL-2 and Cdc25A should render cells capable of both
survival and proliferation in the absence of cytokine. However we were unable to obtain stable
lines of BCL-2/ Cdc25A doubly transfected cells.

This could be because, as reported by

others106, 107, overexpression of BCL-2 or BCL-XL, although maintaining the life of the cell, can
also inhibit its replication. Or it could be due to lack of glucose uptake, as noted above; thus a
cell protected by BCL-2 or BCL-XL may be able to survive in a quiescent state when deprived
of cytokine-induced glucose uptake, but when driven to divide by Cdc25A-DP, the cell may die
from metabolic stress.
Recent studies in HeLa cells showed that osmotic stress or UV irradiation induced cell
cycle arrest.

This arrest was accompanied by degradation of wild-type Cdc25A, but not

Cdc25A-DP, however, in contrast to our studies, cell cycling was not restored by Cdc25A-DP84.
This suggests that multiple checkpoints, in addition to Cdc25A regulation, must be involved in
the growth arrest from osmotic stress or UV irradiation and ensuing DNA damage. One such
pathway would be stabilization of p53 leading to p21 induction; this would occur after UV
irradiation but does not occur after cytokine withdrawal, for which we show that Cdc25A
destabilization is the major mechanism of growth arrest.
CHK1 and CHK2 are also reported to phosphorylate and destabilize CDC25A. We
measured levels of CHK1 in cytokine-dependent cells and found that this protein disappeared
after cytokine withdrawal (data not shown). CHK2 is not as critical a regulator of Cdc25A as is
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CHK1. We also treated cells with CHK1 small interfering RNA and saw no effect on the G1
arrest induced by cytokine withdrawal (Fig. 14A). In contrast to the disappearance of CHK1, p38
activity dramatically increased after cytokine withdrawal (data not shown). These observations
favor a role for p38 MAPK, rather than CHK1 in the down-regulation of Cdc25A after cytokine
withdrawal.
We found that p38 MAPK was required to phosphorylate S75 and S123 on Cdc25A and
induce its degradation. Others have shown that, in response to DNA damage, phosphorylation of
S75, followed by phosphorylation of S82 and S88, leads to βTrCP-dependent ubquitination and
degradation of Cdc25A82. The kinase that phosphorylates Cdc25A at S82 and S88 is unknown,
and it may be active in cytokine deprived lymphocytes in addition to p38 MAPK as we have
shown. In other cell types, others have shown that mutation of S75 alone was sufficient to
confer stability to Cdc25A84, 95, however we found only a partial effect, whereas mutation of both
S75 and S123 conferred a full stabilizing effect (Fig. 19). Mutation of both sites on Cdc25A also
restored proliferation to cells deprived of cytokines (Fig. 18), whereas single mutations had little
effect (not depicted), providing the strongest support for the importance of the stability of this
phosphatase in regulating lymphocyte proliferation.
We have shown that cytokine withdrawal from lymphocytes results in two
distinguishable responses, one after the other. First, cells undergo cell cycle arrest; second, they
undergo apoptotic cell death. These two processes, cell cycle arrest and apoptosis are not only
distinguishable kinetically and mechanistically, they also appear to require different levels of
cytokine receptor occupancy, i.e., a low concentration of the cytokine is sufficient to protect
from cell death but is insufficient to induce cell division (unpublished data). These concentration
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effects of cytokines, low dose inducing survival, high dose inducing division, presumably
account for these two homeostatic activities of IL-7 in the peripheral immune system108. Thus,
when lymphocyte density is at its maximum, cells would consume the available IL-7 as rapidly
as it is synthesized and each cell would encounter just enough IL-7 to protect from cell death but
not enough to proliferate. When the lymphoid compartment is relatively empty, IL-7 would be
sufficiently abundant to drive proliferation as well as survival. Our studies with lymphoid cell
lines and primary cells suggest that, in vivo, this homeostatic proliferation of lymphocytes may
be regulated by p38 MAPK and Cdc25A and further studies to test this hypothesis are underway.
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CHAPTER 5: CDC25A DRIVEN PROLIFERATION REGULATES
LYMPHOCYTE HOMING IN RESPONSE TO INTERLEUKIN-7
Introduction

As effective agents of immunity, T-cells transit to widely dispersed areas of the body. To
enter a lymph node from the blood, naïve T-cells must express the adhesion molecule, L-selectin
(CD62L), which binds to its peripheral node addressins on the high endothelial venules (HEVs)
of the lymph nodes109. This interaction promotes “rolling” and facilitates the transmigration of
naïve T-cells into the lymph nodes. Antigen encounter and activation proceeds with T-cells
stimulated to undergo massive clonal expansion. During this process, the newly activated,
effector T-cells down-regulate CD62L to prevent activated T-cells from re-entering the lymph
nodes and enable migration of activated T-cells to sites of infection. Hence, CD62L controls the
entry or re-entry of T-cells into the lymph nodes, and its expression is linked, in a manner still to
be fully understood, with their activation and proliferative expansion.
One of the essential cytokines that T-cells encounter upon entering a lymph node is
Interleukin-7 (IL-7), likely presented to them by fibroblastic reticular cells (FRC) which express
detectable levels of IL-7 mRNA110, 111. IL-7 is an important regulator of T-cell development as
well as the survival of peripheral T-cells and maintenance of long-term memory T-cells13,

112

.

The receptor for IL-7 (IL-7R) is expressed by T-cells and consists of the IL-7Rα chain and the
common cytokine γ chain (γc)113. Upon binding of IL-7, the two receptor chains heterodimerize
and initiate signaling events through the JAK/ STAT pathway (reviewed in13). Mutations in IL7, its receptor (IL-7R) or components of its signaling pathway lead to severe immunodeficiency4,
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demonstrating that this cytokine is a potent mediator of the homeostatic mechanisms that
maintain populations of naïve and memory T-cells in the peripheral immune system25, 34, 114.
The mechanism by which IL-7 supports the expansion of T-cells is partially
characterized. We reported that the activity of the cdk inhibitor p27kip1 and the cdk activating
phosphatase, Cdc25A, was regulated by IL-717, 71. Over-expression of p27kip1 induced G1 arrest
in the presence of IL-7 and deletion could partially restore proliferation of T-cells from IL-7-/mice71. Cdc25A levels declined upon cytokine loss due to p38 MAP kinase (MAPK)-targeted
degradation17, 84. Expression of a constitutively active form of Cdc25A promoted cell cycling of
lymphocytes in the absence of IL-7, even in the presence of elevated levels of p27kip1 19. Hence
in the absence of IL-7, expression of Cdc25A could support cell proliferation, suggesting that
Cdc25A is a critical transducer of the IL-7 replicative signal.
Survival, proliferative and metabolic115 activities have all been ascribed to IL-7, revealing
the potential therapeutic applications of this cytokine. However, the effect of IL-7-mediated
proliferation upon lymphocyte trafficking is poorly understood. To this end, we examined the
functionality of IL-7 under conditions in which proliferative activity was regulated by genetic
manipulation of Cdc25A and detected phenotypic changes that could alter lymphocyte homing.
Specifically, we observed the up-regulation of activation markers like CD69 and the downregulation of adhesion molecules like CD62L on Cdc25A-expressing T-cells. Expression of
constitutively active Cdc25A indicated that proliferation driven through IL-7 could significantly
alter lymphocyte homing in the absence of any antigen stimulation.
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Material and methods

Mice and cell isolation
Mice were housed in the animal facility at the University of Central Florida and used at 3
months of age. Bim deficient (Bim-/-), on a C57Bl/6 background, mice were housed at the
National Cancer Institute, Frederick, Maryland. C57Bl/6 mice were purchased from Jackson
Labs. Lymph node and spleen cells were isolated by gentle crushing through a 70μM pore filter
(BD Falcon) and pooled. Spleen cells were further treated with ACK lysis buffer (Quality
Biological, Inc.). T-cells were enriched by negative selection with the Mouse T-lymphocyte
Enrichment kit according to the manufacturer’s protocol (BD Biosciences). For CD62Lhi and
CD62Llo enrichment experiments, T-cells were purified from spleen as described above and
further enriched for CD62Lhi or CD62lo cells with biotinylated anti-CD62L (clone MEL-14; BD
Biosciences) according to manufacturer’s protocol.

In vitro culture
Cells were maintained at a density of 3-5x106 cells in complete medium (RPMI 1640
Medium

(Invitrogen)

supplemented

with

10%

Fetal

Bovine

serum

(Hyclone),

2-

βmercaptoethanol, and penicillin/ streptomycin). Recombinant human IL-7 (rhIL-7) (Peprotech)
was added at the start of culture at a concentration of 10 ng/ml or 150 ng/ml and refreshed every
other day, except for IL-7 withdrawal experiments in which cell cultures were maintained in
complete medium only.
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Plasmids and nucleofection of T cells
The constitutively active HA-tagged Cdc25A (Cdc25A-DP) plasmid was previously
described17. To inhibit Cdc25A activity, a catalytically inactive Cdc25A (Cdc25A-DN) was
generated in the background of the Cdc25A-DP plasmid by targeting the active site Cys-(X)5Arg motif116. Cys-430 was mutated to serine and Arg436 was mutated to alanine by using a sitedirected mutagenesis approach (QuikChange II site directed mutagenesis kit, Stratagene). To
transiently express Cdc25A-DP, Cdc25A-DN, GFP or the empty vector (pcDNA), T-cells were
nucleofected with 4µg of plasmid DNA using the Mouse T-cell Nucleofection kit (Amaxa)
according to the manufacturer’s protocol. For the GFP experiments, cells were immediately
maintained in the presence or absence of IL-7 for 24 hours and no differences in transfection
efficiency were observed. In the surface staining experiments, cells were maintained in IL-7
overnight and then washed the next day and cultured an additional 24 hours with or without IL-7
prior to analysis. For the BrdU experiments, cells were immediately cultured with or without IL7 and pulsed with 10µM BrdU (BD Biosciences) and analyzed 24 hours later as described above.

Cell surface phenotyping
Surface expression on T-cells was assessed with PE-conjugated anti-CD4 (clone GK1.5),
PerCP-conjugated anti-CD8 (clone 53-6.7), FITC-conjugated anti-CD44 (IM7), FITCconjugated anti-CD69 (clone H1.2F3), and PE-conjugated anti-L-selectin (CD62L; (clone
MEL14) (BD Biosciences). Cells were incubated with the appropriate antibodies for 20 minutes
on ice and analyzed by flow cytometry using the C6 flow cytometer (Accuri). The data was
analyzed using FCS Express software (Ontario, Canada).
89

Intracellular BrdU labeling
Cells were pulsed with BrdU (10μM) for 48 hours and BrdU incorporation was detected
with a commercially available kit (BD Biosciences) according to manufacturer’s protocol.
Briefly, cells were surface stained as described above, washed, fixed, and permeabilized prior to
incubation with a FITC-conjugated anti-BrdU antibody. Staining with 7AAD was performed
following manufacturer’s protocol. Cells were analyzed by flow cytometry using the C6 flow
cytometer (Accuri). The data was analyzed using FCS Express software (Ontario, Canada).

Intracellular staining of Cdc25A or Foxo1
For detection of intracellular or nuclear Cdc25A or nuclear Foxo1, we used an optimized
protocol designed to enhance detection of these intracellular proteins53. Nuclei were isolated in
extraction buffer (320 mM sucrose, 5mM MgCl2, 10mM HEPES, 1% Triton-X100). Prior to
fixation, intact T-cells or nuclei were stained with Foxo1 antibody (Cell Signaling) or Cdc25A
antibody (Santa Cruz). Cells or nuclei were washed, fixed, and permeabilized with the Fix &
Perm Cell Permeabilization kit (Caltag) following the manufacturer’s protocol. Cells were
stained with PE-conjugated anti-rabbit secondary antibody. The secondary antibody alone or
isotype matched PE-conjugated antibodies (BD Biosciences) were used as controls. Cells were
analyzed by flow cytometry using the C6 flow cytometer (Accuri) described above. The data was
analyzed using FCS Express software (Ontario, Canada).
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IL-7 injections of mice
C57Bl/6 mice were injected once, intraperitoneally, with 200µl PBS (control) or 10µg
recombinant human IL-7 (rhIL-7) (Peprotech), or 100µg M25 anti-IL-7 antibody (Amgen) or a
premixed combination of 10µg rhIL-7 and 100µg M25 antibody in 200µL PBS. Mice were
euthanized after 72 hours and lymphoid organs harvested for analysis of T-cell content as
previously described.

Results

Previously, we reported that the phosphatase, Cdc25A, was an essential transducer of
cytokine-mediated proliferation in lymphocytes17. Using cytokine dependent T and B cell lines,
we found that a constitutively active form of Cdc25A (Cdc25A-DP), lacking the p38 MAPK
phosphorylation sites that target the phosphatase for degradation, could promote cell division
even when levels of the cell cycle inhibitor, p27kip1, were elevated19.
To examine the function of Cdc25A in a biologically relevant scenario, we used primary
T-cells freshly isolated from the lymph nodes of C57Bl/6 mice. Our initial observation, using a
cell culture method that we optimized to expand IL-7 dependent T-cells18, was that the dose of
IL-7 used for in vitro culture had differential effects upon the T-cell subsets expanded. We
found that culture of lymph node T-cells with high dose IL-7 (150 ng/ml), as compared to low
dose IL-7 (10 ng/ml), for 2 weeks, up-regulated the expression of the CD69 activation marker (a
marker typically found increased upon antigen-activation117 on CD8 more than CD4 T-cells (Fig.
20A). The activation and memory marker, CD44, was also elevated on CD8 but not CD4 T-cells
grown with high dose IL-7 (150 ng/mL) (Fig. 20B). These results confirmed our published
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findings that CD8 T-cells but not CD4 T-cells optimally respond to high dose IL-7118 and that the
expression of activation/ memory markers is also enhanced in CD8 T-cells cultured with high
doses of IL-718. However, we also noted that the expression of the adhesion molecule, CD62L,
was significantly down-regulated on CD44hi CD8 T-cells maintained under conditions of high
dose IL-7 compared to low dose IL-7 (Fig. 20B). Note that CD4 and CD8 T-cells freshly
isolated from murine lymph nodes (Day 0) displayed low levels of CD69 and CD44 and high
levels of CD62L, typical of naïve T-cells (Figs. 20A and 20B). The implication of these findings
is that the strength of the IL-7 signal may not only drive proliferation and up-regulation of
activation/ memory markers but could also affect T-cell lymph node homing by altering the
expression of CD62L. Because the doses of IL-7 being used for testing in human clinical trials
are supraphysiological (> 10µg/kg/dose)23, 24, we focused our investigation on the mechanisms
by which IL-7 modulates the levels of CD62L using the conditions of high dose IL-7 that lead to
the expansion of CD8 T-cells bearing activation/ memory markers.
We next examined the intracellular levels of Cdc25A in response to IL-7. We anticipated
that nuclear Cdc25A levels would decrease in parallel with the IL-7 dose. Figure 21A shows that
lymph node T-cells, isolated from wild type (WT) C57Bl/6 mice and cultured with IL-7,
contained more nuclear Cdc25A when maintained with high dose IL-7 (150 ng/ml) compared to
low dose IL-7 (10 ng/ml) (Fig. 21A, left histogram). These findings showed that high dose IL-7
was a strong proliferative stimulus. We and others noted, however, that primary T-cells from
WT mice rapidly die in the absence of IL-718,

26

. In order to examine the effects of IL-7

deprivation, we used lymph node T-cells from mice deficient in the pro-apoptotic protein, Bim.
Others have shown that mice deficient in both the IL-7 receptor and Bim displayed partial
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recovery of T-cell numbers33, indicating that T-cells from these mice could be resistant to death
when deprived of IL-7119.

We examined the amounts of total Cdc25A in lymph node T-cells

from Bim-/- mice and found that Cdc25A was elevated in the presence of IL-7 and significantly
decreased in the absence of IL-7 (Fig. 21A, right histogram). Taken together with our previous
findings that phosphorylation of Cdc25A by p38 MAPK lead to degradation of the phosphatase
under conditions of cytokine-deprivation, we concluded that intracellular levels of Cdc25A are
increased, and the phosphatase is not degraded, upon receipt of a strong IL-7 signal and as such
Cdc25A drives the proliferation of T-cells in response to IL-7.
It follows that Cdc25A is needed to transduce the IL-7-proliferative signal in dependent
T-cells.

We examined this by expressing either a constitutively active form of Cdc25A

(Cdc25A-DP), in which the p38 MAPK target sites (Ser75, Ser123) were mutated to alanines, or
a dominant negative form (Cdc25A-DN) in which, in addition to the Ser75A and Ser123A
mutations, the enzyme active site was mutated, but all activating phosphorylation sites, were
retained. The expectation was that Cdc25A-DP would remain stable and induce proliferation,
while Cdc25A-DN would inhibit proliferation independently of IL-7. Using Bim-/- lymph node
T-cells, we employed the method of Nucleofection (Amaxa) to transiently express Cdc25A-DP
or Cdc25A-DN in cells grown either with high dose IL-7 (150 ng/ml) or deprived of IL-7 (0
ng/ml). Using FSC/ SSC analysis guided by GFP expression, we gated on the population of cells
that were nucleofected. In Figure 21B we showed that BrdU incorporation was inhibited in IL-7maintained T-cells upon expression of Cdc25A-DN, and that BrdU incorporation was induced in
IL-7-deprived cells upon expression of Cdc25A-DP.
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Subsequently, we determined whether Cdc25A activity could mimic the effect of IL-7
upon the levels of activation/ memory markers displayed by T-cells (shown in Fig. 20). Figure
22 shows representative experiments in which Bim-/- T-cells (initially expanded in IL-7) were
nucleofected with Cdc25A-DP and cultured without IL-7 (Fig. 22A), or WT T-cells (freshly
isolated) were nucleofected with Cdc25A-DN and cultured with high dose (150 ng/ml) IL-7.
Expression of Cdc25A-DP increased the surface levels of both CD69 and CD44 in T-cells
deprived of IL-7 (Fig. 22A), while expression of Cdc25A-DN decreased CD69 and CD44 levels
in T-cells maintained with high dose IL-7 (Fig. 22B). Note that CD44 levels were already
elevated in Bim-/- T-cells due to prior culture in IL-7-containing medium. Furthermore, we
observed a trend towards up-regulation of CD62L due to Cdc25A inhibition through expression
of Cdc25A-DN (Fig. 22C). Collectively the results shown in Figures 21 and 22 indicate that the
proliferative and activating effects of high dose IL-7 upon T-cells can be replicated by inducing
Cdc25A or blocked by inhibiting Cdc25A. We concluded that Cdc25A is a critical transducer of
IL-7 signals - including those signals that could potentially alter lymphocyte homing through
modulation of CD62L.
We next examined the mechanism by which IL-7 down-regulated the expression of
CD62L on T-cells. Fig 23A shows a representative histogram in which the nuclear levels of the
transcription factor, Foxo1, increased in the absence of IL-7. Previous studies showed that
Foxo1 controls the expression of CD62L120, 121. We inferred, from our findings (Fig. 23A), that
IL-7 signaling controlled the nuclear translocation of Foxo1, retaining the transcription factor in
the cytosol when IL-7 engaged its receptor.

We then determined whether the IL-7 signal

transduced through Cdc25A was responsible for modulating the intracellular localization of
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Foxo1. Because expression of Cdc25A-DN by nucleofection was limited to 30-40% of the cells,
we examined nuclear Foxo1 levels in WT lymph node T-cells treated with a Cdc25
pharmacological inhibitor. Figure 23B shows the striking results that nuclear Foxo1 levels
greatly increased in cells maintained with IL-7 when Cdc25 was inhibited. It follows that the
cells, in which Cdc25 inhibition caused an increase in nuclear Foxo1, would also express higher
levels of CD62L. Because T-cells freshly isolated from the lymph nodes are predominantly
CD62Lhi, we used T-cells isolated from the spleen and sorted for CD62Llo cells. Overnight
treatment of these CD62Llo cells with the Cdc25 inhibitor (in the presence of IL-7) caused a rapid
increase in the expression of CD62L that was not observed upon treatment with the vehicle
control (Fig. 23C). These results revealed the mechanism underlying our initial observation that
high dose IL-7 caused down modulation of CD62L.

We demonstrated that it is the

dephosphorylating activity of Cdc25A, which activates CDKs and drives cell cycling, that
prevents the nuclear translocation of Foxo1, resulting in decreased expression of CD62L.
The prediction that stems from the proposed mechanism would be that in lymph nodes of
mice, treated with high dose IL-7, decreased T-cell numbers would result. To test this, C57Bl/6
mice were injected intraperitoneally with one large dose of IL-7 (10 µg), one dose of IL-7 (10
µg) premixed with anti-IL-7 antibody (100 µg, M25), or one dose of M25 (100 µg) alone. We
previously observed that under in vitro culture conditions the M25 antibody inhibited IL-7
signaling but had little effect in vivo (data not shown). We surmised that while IL-7 alone would
provide the strongest IL-7 signal, treatment with the M25 antibody and IL-7 could generate
conditions of attenuated IL-7 signaling, as a consequence of the interactions of the cytokine with
the antibody. Treatment with M25 alone would provide a negative control. We found that
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treatment with IL-7/ M25 resulted in the largest recovery of total lymph node cells as well as Tcells, while IL-7 alone caused the greatest loss of total lymph node cells, specifically T-cells
(Fig. 24A, left graph). This striking loss of cellularity was apparent when examining the actual
size of the lymph nodes recovered from mice injected with IL-7 compared to IL-7/ M25 (Fig.
24A). Differences in total splenic cellularity among mice injected with IL-7 compared to IL-7/
M25 were not as significant (although more total splenic cells were recovered in mice receiving
the IL-7/ M25 combination), and in fact little or no differences were observed in regards to
splenic T-cell numbers (Fig. 24A, right graph). As anticipated, treatment with M25 alone did not
have any notable effects and was similar to the untreated control mice (Fig. 24A). We next
examined the ratio of CD4 to CD8 T-cells recovered from the lymph node and spleens of mice
injected with IL-7, IL-7/ M25 or M25 alone. In the lymph nodes, IL-7 treatment decreased CD8
T-cells, while the IL-7 /M25 injections resulted in the opposite trend, with more CD8 T-cells
accumulating (Fig. 24B). CD4 T-cells did not change appreciably under any of the treatment
conditions. In the spleen, we noticed that the IL-7/ M25 treatment caused a loss of both CD4 and
CD8 T-cells. We also observed that T-cells remaining in the lymph nodes under all treatment
conditions were CD62Lhi (data not shown).
Results from the injections with IL-7 or IL-7/ M25 supported our proposed mechanism
by which IL-7 controls lymphocyte homing to lymph nodes through Foxo1. A strong IL-7 signal
(such as that received with IL-7 alone) could cause the down-regulation of CD62L, enabling Tcells to exit the lymph nodes and remain in circulation, accounting for the decreased number of
lymph nodes cells observed in Fig. 24A. An attenuated IL-7 signal (such as that received with
IL-7 + M25) could maintain the levels of CD62L, retaining cells within the lymph nodes as seen
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in Figure 24A. Because we could not detect CD62Llo cells in the lymphoid organs, as these cells
would exit and traffic throughout the body, we examined the levels of Foxo1 in the cells
recovered from the injected mice. In correlation with our prediction that the attenuated IL-7
signal, delivered by the combination of IL-7/ M25, would maintain CD62L expression, we
observed the highest nuclear levels of Foxo1 in these cells (Fig. 24C). In contrast, Foxo1 levels
were decreased in mice receiving IL-7 or M25 alone (Fig. 24C). These in vivo studies provide
strong evidence that high dose IL-7 could drive T-cell proliferation (through the activity of
Cdc25A) and also down-regulate CD62L through the cytosolic retention of Foxo1, enabling Tcell exit but not re-entry into the lymph nodes.
Results from the in vivo injections of mice with IL-7 were compelling but T-cells which
down-regulated CD62L expression could not be recovered for study. To address this problem
and determine whether a strong IL-7 signal causes the down-regulation of CD62L, we performed
a series of long term in vitro culture experiments with high dose IL-7 to determine whether
CD62Lhi cells (typical of T-cells found in the lymph nodes) became CD62Llo cells upon IL-7
treatment.
Using splenic T-cells from Bim-/- mice, we sorted for T-cells that were either CD62Lhi or
CD62Llo. These T-cells were cultured in vitro with either low dose IL-7 (10ng/ml) or high dose
IL-7 (150 ng/ml) for 7 and 14 days. Results in Figure 25A revealed that T-cells that were
initially CD62Llo did not increase in cell number in culture with IL-7. In contrast, cells that
started out CD62Lhi rapidly expanded, especially with high dose IL-7, more than doubling in
number after 14 days of culture (Fig. 25A). We examined the phenotype of the T-cells cultured
with high dose IL-7 (150 ng/ml), focusing on the expression of CD62L on CD4 and CD8 T-cells.
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We observed that T-cells, initially CD62Lhi, lost CD62L expression and had become
predominantly CD62Llo (Fig. 25B). In contrast, CD62L was not up-regulated on T-cells cultured
with IL-7 that were initially CD62Llo. We further examined the proliferative status of T-cells
that started out either CD62Llo or CD62Lhi and found increased BrdU incorporation, indicative of
pronounced cell cycling, in the CD8+ CD62Lhi population. Note that the few remaining CD4 Tcells proliferated slightly. Thus as a consequence of a strong IL-7 signal, T-cells proliferate
through the Cdc25A-driven activation of CDKs and also down-regulate CD62L which prevents
lymph node re-entry.

In support of this effect of IL-7, we isolated Bim-/- lymph node T-cells

expressing heterogeneous levels of CD62L and placed them in extended in vitro culture with
high dose IL-7. Table 1 shows that after 14 days most of the T-cells cultured with IL-7 retained
expression of the activation/ memory marker CD44 but down-regulated CD62L, while a much
smaller percent maintained detectable levels of CD62L. In contrast, cells deprived of IL-7
expressed a naïve phenotype that was CD44lo and CD62Lhi.
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Figure 20. High dose IL-7 promotes expression of CD69 and CD44 and down-regulates CD62L.
(A) Lymph node T-cells were isolated from wild type (WT) C57Bl/6 mice (Day 0) and cultured with 150 or 10
ng/ml of IL-7 for 14 days. Dot plots display CD69 surface expression on CD8 and CD4 T-cells as determined by
staining with fluorochrome-conjugated antibodies specific for CD69, CD4 or CD8 and analyzed by flow cytometry.
Results shown were acquired from the viable cell gate. Quadrants were established using control antibodies. (B)
Lymph node T-cells were isolated from WT C57Bl/6 mice (Day 0) and cultured with 150 or 10 ng/ml of IL-7 for 14
days. Dot plots display CD44 and CD62L surface expression as determined by staining with a fluorochromeconjugated antibodies specific for CD44 or CD62L and analyzed by flow cytometry. Gating was performed on CD4
or CD8-expressing cells using fluorochrome-conjugated antibodies specific for CD4 or CD8 T-cells, respectively.
Results shown were acquired from the viable cell gate. Quadrants were established using control antibodies. A
representative experiment of three performed is shown.
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Figure 21. Cdc25A transduces IL-7 proliferative signals.
(A) Lymph node T-cells from WT C57BL/6 mice (left histogram) or BIM-/- mice (right histogram) were isolated
and cultured with low dose (10 ng/ml) or high dose (150 ng/ml) IL-7 (left histogram) or with or without IL-7 (right
histogram). Intracellular levels of nuclear Cdc25A (left histogram) or total Cdc25A (right histogram) were
determined by intracellular staining using a specific Cdc25A antibody followed by a PE-conjugated secondary
antibody and analyzed by flow cytometry. Percentages shown represent the population of cells indicated by the
marker. CTRL represents use of an isotype matched PE-conjugated secondary antibody control. (B) Nucleofection
was used to transiently express the cDNA for Cdc25A-DP, Cdc25A-DN or vector only (pcDNA) in lymph node Tcells from Bim-/- mice that were cultured with (+) or without (-) IL-7 for 24 hours. Cell cycling was assessed by
measuring the incorporation of BrdU into replicating DNA with a FITC-conjugated BrdU antibody and DNA
content was measured by 7AAD staining using flow cytometry. Quadrants were established using control
antibodies. Percentages in bold indicate cells that had incorporated BrdU and were in the G2/S/M phases of the cell
cycle. A representative experiment of four performed is shown.
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Figure 22. Expression of Cdc25A mimics the effect of high dose IL-7, promoting the growth of activated Tcells that down-regulate CD62L.
(A) Lymph node T-cells were isolated from Bim-/- mice that were expanded with IL-7 (150 ng/ml) for 48 hours.
Nucleofection was used to transiently express the cDNA for Cdc25A-DP or vector only (pcDNA) and T-cells were
cultured without (-) IL-7 for 24 hours. Untransfected cells are also shown for comparison. Dot plots display CD69
or CD44 surface expression on CD8 T-cells as determined by staining with fluorochrome-conjugated antibodies
specific for CD69 and CD44 and analyzed by flow cytometry. (B-C) Lymph node T-cells were isolated from WT
C57BL/6 mice, and nucleofection was used to transiently express the cDNA for Cdc25A-DN or vector only
(pcDNA). WT cells were cultured with (+) IL-7 for 24 hours. Untransfected cells cultured without IL-7 are also
shown for comparison. Dot plots display CD69 or CD44 surface expression on CD8 T-cells as determined by
staining with fluorochrome-conjugated antibodies specific for CD69 and CD44 (B) or CD62L and CD8 (C) and
analyzed by flow cytometry. A representative experiment of three performed is shown.
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Figure 23. Surface Expression of CD62L depends on the nuclear translocation of Foxo1 which is inhibited by
Cdc25A.
(A-B) Lymph node T-cells were isolated from WT C57BL/6 mice and cultured for 24 hours with 150 ng/ml IL-7 or
without IL-7 (A) or with a Cdc25 inhibitor (B) Levels of nuclear Foxo1 were determined by intracellular staining
using a specific Foxo1 antibody followed by a PE-conjugated secondary antibody and analyzed by flow cytometry.
CTRL represents use of an isotype matched PE-conjugated secondary antibody control. Medians for each peak
displayed in the histograms were determined using FCS Express software (DeNovo). (C) Splenic CD62Llo T-cells,
isolated from WT C57BL/6 mice, were sorted using anti-CD62L antibody and magnetic beads. T-cells were treated
with a vehicle control (DMSO) or the Cdc25 inhibitor for 24 hours and analyzed for surface expression of CD44 and
CD62L using a FITC-conjugated CD44 antibody and a PE-conjugated CD62L antibody and analyzed by flow
cytometry. Quadrants were determined using control antibodies. A representative experiment of four performed is
shown.
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Figure 24. In vivo administration of IL-7 drives expansion of T-cells that decrease CD62L and exit the lymph
nodes.
C57BL/6 mice were injected once, intraperitoneally, with PBS (CTRL), 10 µg rhIL-7 (IL-7), 100 µg M25 antibody
(M25) or pre-mixed 10 µg rhIL-7 and 100 µg M25 antibody (IL-7/M25). Mice were euthanized after 72 hours and
lymph nodes and spleen removed for analysis. (A) Total cellularity and T-cell numbers recovered from lymph nodes
were determined using the Accuri flow cytometer and confirmed by microscopic evaluation. Images display inguinal
lymph nodes removed from representative mice. (B) Dot plots display ratio of CD8 and CD4 T-cells as determined
by staining with fluorochrome-conjugated antibodies specific for CD4 or CD8 and analyzed by flow cytometry
Results shown were acquired from the viable cell gate. Quadrants were established using control antibodies. (C)
Levels of nuclear Foxo1 were determined by intracellular staining using a specific Foxo1 antibody followed by a
PE-conjugated secondary antibody and analyzed by flow cytometry. Percentages shown in the table represent the
population of Foxo1hi cells indicated by the marker. CTRL represents use of an isotype matched PE-conjugated
secondary antibody control. Representative data from four experiments performed is shown.
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Figure 25. In vitro culture with high dose IL-7 promotes proliferation and down-regulation of CD62L on
CD8 T-cells.
(A-C) Splenic CD62Llo or CD62Lhi T-cells were isolated from Bim-/- mice and sorted using anti-CD62L antibody
and magnetic beads. Cells were placed in culture with 10 or 150 ng/ml of IL-7 or without IL-7 for 7 or 14 days. (A)
T-cell numbers from populations of cells that were initially sorted for CD62Llo or CD62Lhi expression was
determined flow cytometery. (B) Dot plots display ratio of CD8 and CD4 T-cells and surface levels of CD62L of
CD62Llo or CD62Lhi T-cells after 14 days of culture in 150 ng/ml IL-7. Phenotype was determined by staining with
fluorochrome-conjugated antibodies specific for CD4 or CD8 and CD62L. Results shown were acquired from the
viable cell gate. (C) Cell cycling of CD62Llo or CD62Lhi T-cells was assessed after 7 days of culture in 150 ng/ml
IL-7 by measuring the incorporation of BrdU with a FITC-conjugated BrdU antibody and CD4 or CD8 expression
determined using flow cytometry. Quadrants were established using control antibodies. Percentages in bold indicate
CD4 or CD8 T-cells that had incorporated BrdU. (D) Unsorted lymph node T-cells were isolated from Bim-/- mice
and placed in culture with 150 ng/ml IL-7 or without IL-7 for 7 or 14 days. At the indicated time points, cells were
stained with antibodies for CD4, CD8, CD44 and CD62L. Surface expression was analyzed by flow cytometry.
Table data is gated on CD8 T-cells and is presented as a percentage of total viable cells expressing the indicated
phenotype. Results from a representative experiment of two experiments performed are shown.
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Discussion

In this study we show that Cdc25A is a critical transducer of IL-7-mediated proliferative
and homing signals. Secondary to the effects upon cell growth, expression of either the stable or
inhibitory Cdc25A altered the expression of memory and activation markers, changing the
phenotype of T-cells independently of IL-7. We found that inhibition of Cdc25 enabled the
movement of Foxo1 to the nucleus and up-regulated the expression of CD62L. Thus Cdc25A is
not just a mediator of proliferation but also regulates lymph node homing through control of
Foxo1 localization and the Foxo1-driven expression of CD62L (Fig. 26).

Testing this

mechanism both in vivo and in vitro revealed that high dose IL-7 can deplete the cellularity of
lymph nodes by down-regulating the expression of CD62L on responding CD8 T-cells in a
Foxo1 dependent manner.
How does manipulation of Cdc25A, a cell cycle activator, affect immune function and
specifically CD62L expression? One of the hallmarks of T-cell activation and TCR stimulation
is clonal expansion. A strong proliferative signal, as induced by high dose IL-7, could drive the
cell cycle machinery in a manner similar to antigen stimulation.

Specifically, the

dephosphorylating activity of Cdc25A would result in activated CDKs, like CDK2, which can
directly phosphorylate Foxo1122, 123, causing its cytoplasmic translocation and inactivation. In
support of this idea, we found that the inhibition of Cdc25 resulted in the nuclear accumulation
of Foxo1 protein and increased the surface expression of CD62L in the presence of IL-7.
Of significance, our data also showed that the down-regulation of CD62L, as mediated by
IL-7, is most prominent at the highest dose of IL-7 tested, 150 ng/ml. This indicates that merely
receiving a survival signal from IL-7, which occurs at the lower dosage of IL-7 (<10ng/ml), is
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not sufficient to decrease expression of CD62L. Indeed, the generation of an effector phenotype,
involving the down-regulation of CD62L, the up-regulation of the activation markers CD69 and
CD44, and acquisition of effector functions, results when T-cells undergo multiple cell cycles124.
Our findings with Bim-/- T-cells supports this idea. We found that multiple rounds of IL-7-driven
cell division, over a period of 7 to 14 days, resulted in the accumulation of CD62Llo T-cells, even
when starting with CD62Lhi cells, while IL-7 withdrawal maintained a naïve CD44loCD62Lhi
phenotype.
Our results indicate that a strong proliferative signal, as supplied by high dose IL-7 or
over-expressed Cdc25A, can promote lymph node exit.

We found that introduction of

exogenous IL-7 lead to decreased cellularity of the lymph nodes and lower T-cell counts. This is
most likely an outcome of T-cell redistribution rather than massive cell apoptosis. Others have
shown that injection of IL-7 into rhesus macaques did not induce cell death but rather the
movement of T-cells into various organs21, and was linked to their proliferation. Consistent with
published reports125, we found that a combination of IL-7 and M25 resulted in the highest
recovery of cells from the lymph nodes. Others have attributed this accumulation of T-cells to
antibody-mediated stabilization of the cytokine. However, we propose in our studies that a
combination of IL-7 and M25 actually generates an attenuated IL-7 signal (as indicated by
increased Foxo1 nuclear expression), which is consistent with the previously described IL-7
neutralizing activity of M25126 .

Hence, an IL-7/ M25 signal would produce a CD62Lhi

phenotype, enabling T-cell retention in the lymph nodes. In support, we observed the highest
levels of nuclear Foxo1 in lymph node T-cells recovered from mice injected with IL-7 and M25.
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It is difficult to determine whether T-cells in circulation normally encounter increased
amounts of IL-7 comparable to that utilized in our in vitro assays or in vivo injections. The
concentration of IL-7 detected in the serum of healthy individuals is low (0.3-8.4 pg/mL)10 and
reporter assays for IL-7 production did not detect the cytokine outside of primary lymphoid
organs 127, 128. Other reports, however, indicate that migrating T-cells could encounter regions of
higher levels of IL-7. Following injections of IL-7, increased levels of the cytokine were
detected in extralymphoid tissues such as the intestines21. This could be explained by the
presence of heparin sulfate proteoglycans, found on stromal cells within various organs that
could concentrate the cytokine

129

, creating localized microenvironments containing increased

IL-7. More significantly, IL-7 production can be induced upon infection as was shown to occur
with liver hepatocytes upon TLR engagement 11, and increases in circulating levels of IL-7 have
been reported following inflammation 12. Hence it is possible that physiological conditions exist
whereby T-cells encounter elevated levels of IL-7 in tissues, yet serum levels remain
undetectable. From a therapeutic standpoint, supraphysiological levels of IL-7 are currently
being utilized in human clinical trials. Our findings that the action of Cdc25A upon Foxo1 and
CD62L impact the redistribution of T-cells exposed to high dose IL-7 provide a possible
explanation for an observed effects of IL-7 application, the transient depletion of circulating Tcells24, providing insight for optimizing the therapeutic potential of this essential cytokine.
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Figure 26. Model of T-cell homing regulation by Cdc25A through Foxo1 and CD62L.
Intracellular levels of Cdc25A are controlled by IL-7 through targeted degradation mediated by the phosphorylating
activity of p38 MAPK. In the presence of IL-7, Cdc25A is stable and activates cyclin-dependent kinase 2 (cdk2). In
turn, cdk2 phosphorylates Foxo1, leading to the cytosolic localization and inactivation of the transcription factor.
Hence Foxo1-dependent expression of CD62L is down-regulated on T-cells, promoting a CD62Llo phenotype.
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CHAPTER 6: CONCLUSIONS
As a prototypic homeostatic cytokine with growth promoting activities, IL-7 is well
suited to act as a therapeutic stimulator of the immune system. As a therapeutic agent, IL-7
could be used to restore T-cell numbers after lymphodepletion or to augment the body’s inherent
immune response against cancers. However, clinical administration of IL-7 has only lead to the
expansion of T-cells and to date, no anti-tumor effects have been achieved. Our findings show
that a thorough understanding about the activity of IL-7 at the molecular level is needed for
successful therapeutic development of the cytokine. As proof of principle, clinical assessment of
IL-7 function has generally been limited to observational analysis of peripheral blood T-cells.
Our studies clearly show that exposure of T-cells to high levels of IL-7 as is currently utilized in
the clinical trials could alter the ability of T-cells to home to the lymph nodes. Specifically,
these T-cells down-regulate the expression of the lymph node homing marker CD62L, promoting
their trafficking away from the lymph nodes and into extralymphoid organs. Indeed, a transient
depletion of peripheral blood T-cells following clinical administration of IL-7 has been observed
in humans24, and studies in rhesus macaques support our findings that this effect may be due to
the trafficking of proliferating T-cells into extralymphoid organs21. Hence an observational
analysis of the T-cells present in the patient’s blood as is routinely performed clinically would
provide an inaccurate overview about the overall T-cell population and their responses to IL-7.
Using our in vitro IL-7 culture method, we have been able to study how the introduction
(or loss) of the IL-7 signal affected the growth of T-cells in terms of subset distribution,
activation status, proliferative response, and trafficking activity. We then affirmed our results by
examining in vivo models of either transgenic mice expressing constitutively activated STAT5
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(STAT5b-CA), which mimics a strong IL-7 signal, or mice that were injected with exogenous
IL-7. One of the most important findings from these studies is that IL-7 is not merely a
“homeostatic” cytokine that maintains the status quo as it is traditionally defined. Rather at high
concentrations, IL-7 acts as an activating stimulus for CD8 T-cells, promoting the expansion of
CD8 T-cells with a memory effector phenotype (CD44hiCD62Llo), reminiscent of T-cells
undergoing an inflammation response. We have shown that this effect is mediated in part
through the IL-7 dependent regulation of the cell cycle phosphatase Cdc25A. In contrast to CD8
T-cells, high doses of IL-7 antagonize the growth of CD4 T-cells which favor growth at lower
dosages of IL-7. This phenomena is an effect of IL-7’s regulation of the T-cell receptor (TCR)
kinase LCK, revealing a new link between cytokine and TCR signaling.

Perhaps most

importantly, these findings show that the signal transduced by IL-7 is a pluripotent one which
can be modulated by the concentration of the cytokine as well as the nature of the responding Tcell subset.
Our findings have significant implications for the use of IL-7 in cancer therapy. IL-7
could potentially be used for adoptive immunotherapy in which activated tumor- specific CD8 Tcells are expanded ex vivo with IL-7 and then transferred back into the patient. Further studies
would be required to test the function and cytolytic activities of these ex vivo expanded T-cells.
The optimization of IL-7 for systematic administration as performed in the clinical trials is more
complex due to the presence of additional in vivo factors which must be taken into account. For
example, our studies show that injections of high doses of IL-7 into patients as currently
performed could interfere with 1) the growth of CD4 T-cells and 2) the ability of CD8 T-cells to
home to the lymph nodes, effects which may impede the generation of an anti-tumor response. It
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is well known that the activity of CD4 T-cells is required to support and activate CD8 T-cells
during an immune response. Furthermore, in response to high doses of IL-7, T-cells downregulate the expression of CD62L which would promote T-cell localization to potential
extralymphoid tumor bearing sites. However, this effect would also interfere with T-cell entry
into the lymph nodes, potentially preventing them from encountering the necessary stimulatory
signals present there that are required for their proper activation.
As a multipotent cytokine, IL-7 has numerous potential therapeutic applications. While
the toxicity has been low, it cannot be over looked that repeated administration of high amounts
of the cytokine has produced a number of physiological effects in patients such as skin rashes,
erythema at the IL-7 injection site, and hypertension23, 24. Moreover, use of high levels of IL-7
presents the risks of contributing to the development of lymphomas or autoimmune conditions as
has been observed in transgenic mice over expressing IL-76, 130. Such observations along with
our findings demonstrate that the function of IL-7 should not be confined to that of a homeostatic
cytokine. Rather, it must be recognized that signaling by IL-7 generates multiple and sometimes
opposing effects which is dependent not only on the dosage of the cytokine, but also the nature
of the responding T-cell subsets. Hence, an understanding about the molecular functions of IL-7
is absolutely essential for optimizing its therapeutic potential.
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